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Understanding Anatomical Perfusion and Strategies to Optimize Vascularity in Free Tissue Transfer 
for Autologous Breast Reconstruction using the Deep Inferior Epigastric Artery Perforator Flap 
Anita T Mohan  
Breast cancer is the commonest cancer that affects women in the United Kingdom (UK). Autologous 
free tissue transfer using abdominal tissue remains an excellent option for breast reconstruction 
following mastectomy, given greater availability of tissue and lower donor site morbidity associated 
with muscle-sparing approaches (perforator-based). This research evaluated microvascular anatomy 
of Deep Inferior Epigastric Artery Perforator (DIEP) flaps, the role of linking vessels on dynamic 
perfusion in bilateral breast reconstruction and strategies to augment flap vascularity.   
For the ex-vivo anatomical studies, three and four-dimensional computed tomographic angiography 
(CTA) were used to evaluate patterns of the microvascular blood supply of individual perforators and 
corresponding perfusion patterns in the hemi-abdomen. This was combined with an in-vivo clinical 
study of women undergoing bilateral DIEP breast reconstruction following mastectomy, where both 
preoperative CTA and intra-operative Laser-Assisted Indocyanine Green Fluorescence Angiography 
(LA-ICGFA) were used to evaluate perforator anatomy and dynamic perfusion zones of individual 
perforators. Finally, an experimental in-vivo animal model was used to investigate strategies of pre-
treatment of perforator flaps with negative pressure wound therapy to augment vascularity of 
perforator flaps prior to flap harvest.  
The vascular territories of individual perforator within hemi-DIEP flaps demonstrated variable 
patterns with unique patterns of perfusion. Concepts including early capture of large calibre direct 
linking vessels to adjacent perforators or the superficial inferior epigastric artery (SIEA) territories, 
mostly found in the supra-scarpa’s and subdermal layers of the flap, played a key role in defining 
overall perfusion area and dynamic perfusion patterns not previously described.  
In conclusion, this work reported the characterization of the microvasculature within abdominal-
based perforator flaps to better understand the variation in dynamic perfusion. It also explored the 
potential role of non-invasive negative pressure treatment to  augment flap perfusion that may be 
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perfusion patterns in single medial row hemi-DIEP flaps with 
predicted adjacent perforators (blue arrows) & inter-perforator 
zones (small black arrow); (D) MS-TRAM flap exhibiting traditional 
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CHAPTER 1: INTRODUCTION 
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1.1 Overview  
  
Breast cancer affects 50,000 women in the United Kingdom (UK) and over 250,000 women 
in the United States (USA) per year, with a lifetime risk of 1 in 8 (1,2). Second to skin cancer, 
it is the most commonly diagnosed cancer among women and men worldwide, and the 
commonest cancer affecting women in the UK (3), representing almost one third of newly 
diagnosed cancers in women in 2017. It is the second leading cause of cancer-related death 
after lung cancer.(3) Treatment for breast cancer involves surgery with adjuvant therapy. 
The goal of surgery is to remove the cancer and determine the stage of disease and this may 
be through breast-conserving therapy (BCS) or mastectomy.  
 
In most cases BCS is followed by radiation. Mastectomy involves the removal of all the 
breast tissue resulting in the loss of the entire breast. Mastectomy may be required for high 
tumour size to breast ratio, multi-centric disease, locally advanced or inflammatory cancers. 
Additional driving forces postulated for women who are eligible for BCS but opt to undergo 
mastectomy include the need for radiation, fear of recurrence, women under 40 years, 
women with larger tumours and those who live remote to a treatment facility.(4) The rate 
of women receiving a mastectomy as their primary therapeutic procedure is approximately 
40% in the UK (5) and in the USA 45%  receive a mastectomy.(6)   
 
There has been a growing trend in contralateral prophylactic mastectomy (CPM) and 
simultaneous bilateral reconstruction has been a rising trend in the United States. (7) 
Indications for bilateral prophylactic mastectomy and CPM include patients with high risk 
from genetic susceptibility gene mutations including BRCA, a very strong family history and 
those with aggressive disease based on histology. However in the United States the use of 
CPM has become prevalent in all stages of breast cancer and low risk disease: 10-15% of 
women undergoing mastectomy for breast cancer also received CPM in 2006, compared to 
a decade later, where CPM rates represented nearly 50% of all women undergoing 
mastectomies and 90% of these women proceed with a reconstruction.(8)  
 
The rise in bilateral mastectomy procedures is largely attributed to patient-driven 
motivators and in one study by the United States National Cancer Registry revealed that 
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over 30% of women under the age of 40 underwent CPM. (9) This trend has also been seen 
in the United Kingdom with the proportion of women without cancer undergoing bilateral 
mastectomy rising from 12% to 20% between 2002 and 2009 and an estimated annual 
increase in women with cancer undergoing CPM of 7%. (10) Similar to the United States, 
91% of women undergo prophylactic risk reduction surgery, with the majority under 40 
years, and 41% of women undergoing CPM proceeded with bilateral immediate breast 
reconstruction. It is pertinent for the reconstructive and oncologic surgeon to be aware of 
the rising incidence of bilateral procedures and demand for reconstruction. Bilateral 
mastectomy in women undergoing CPM, with or without reconstruction, has double the risk 
of surgical complications compared to unilateral mastectomy(11), therefore risk and 
morbidity may increase when associated with immediate reconstruction.  
 
Breast reconstruction has become an important consideration for women after 
mastectomy. The goal is to re-create a breast mound that is naturally soft, durable, looks 
and feels like a normal breast, and can mature and naturally change with the patient over 
time. Greater satisfaction in breast appearance in addition to improved physical/emotional 
wellbeing has been recognized in women who undergo reconstruction compared to those 
who have a mastectomy alone.(12,13) Women undergoing breast cancer surgery have 
become younger over the years and so reconstructive options ought to place greater 
emphasis on longevity. In the 2011 National Mastectomy and Breast Reconstruction audit 
(UK)(5) it was shown that satisfaction in breast appearance was consistently lower in 
implant-only reconstructions in both delayed and immediate reconstruction.  
 
The use of autologous tissue is less commonly performed compared to implant-based 
reconstruction, but still seen as a preferable choice in many circumstances and has gained 
increasing popularity over the years. A systematic review by Tsoi and colleagues (2014)(14) 
on  patient satisfaction with cosmesis showed that autologous reconstruction provided 
consistent, stable results that were consistent over time in the follow up period.(14) 
Documented trends include changes in patient demands and expectations; the 
disadvantages of implant reconstruction being better understood, and the results with 
autologous reconstruction being more widely recognized (15,16). The increasing proportion 
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of young women undergoing mastectomy, secondary to screening programs, education and 
family history risks, has meant that a durable and natural reconstruction is becoming an 
increasing important aspect in the reconstructive decision-making process.  Autologous 
tissue can behave very much like normal breast tissue, but the surgery is considered to be 
more complex and lengthier in comparison to prosthetic based reconstruction. The lower 
abdomen is the preferred donor site for microvascular reconstruction as it remains 
unmatched for tissue quality, texture and quantity.(17) In addition, the advancement of 
microsurgery, reconstructive techniques, and incorporation of enhanced recovery protocols, 
has significantly reduced the associated morbidity of autologous microvascular breast 
reconstruction.  
 
The use of abdominal tissue for autologous breast reconstruction has been long and widely 
practiced, with similar characteristics to breast tissue and an aesthetic donor site scar. The 
Deep Inferior Epigastric Perforator (DIEP) free flap evolved from the traditional transverse 
rectus myocutaneous (TRAM) flap that was used for pedicled breast reconstruction based 
on the superior epigastric artery.(18) The DIEP is harvested as a perforator flap, that is 
based on small “perforating” vessels that supply the skin and subcutaneous fat and sparing 
harvest of the underlying rectus muscle. The use of perforator flaps affords considerable 
improvement in donor site morbidity compared to its predecessor. Abdominal tissue is 
widely considered the first choice for donor site for unilateral or bilateral autologous 
microvascular breast reconstruction and the DIEP flap now plays the dominant role in 
abdominal tissue transfer in autologous reconstruction and often considered the ‘gold 
standard’.(19)  
 
The blood supply of tissue and adequate wound healing potential are pivotal to successful 
flap harvest and reconstructive surgery. The reconstructive surgeon would attempt to safely 
harvest the maximum amount of tissue in the lower abdomen, and this is more pertinent in 
bilateral autologous reconstructions where the donor site is more limited compared to 
unilateral procedures. Although there have been extraordinary anatomical, technical and 
technological advances in plastic surgery, there is still an existing problem in clinical practice 
 25 
to accurately plan and predict the amount of well perfused tissue that can be safely 
harvested during flap preparation or following transfer.  
 
Complications may be a result of persistent ischemia, hypoxia, post-ischemic reperfusion 
injury, venous insufficiency of the tissue, or thrombosis that may lead to total or partial flap 
necrosis. Flaps that are transferred as a free-tissue that require microsurgery experience 
have a 1-5% flap loss rate in experienced hands, however partial flap necrosis rates can 
occur in pedicled and free flaps of over 30% (20).  It has been recognized that rates of fat 
necrosis within the flap are higher in DIEP flaps in comparison to pedicled TRAM. (21) 
However, the use of pedicled TRAM has also notable rates of ischemic complications and 
partial necrosis.(22)(23,24) These complications can result in considerable morbidity, 
further reconstructive challenges and increased healthcare costs.  
 
Autologous breast reconstruction has made substantial progress over the years and the 
evolution of refinements over the last 30 years has allowed flaps to be based on specific 
perforators.  This revolutionary concept can preserve underlying muscle; reducing donor 
site morbidity, and the ability to tailor the flap to reconstruct exactly the tissues that are 
missing at the recipient site. The ultimate goal of breast reconstruction following 
mastectomy is to match optimal tissue replacement with minimal donor-site expenditure. In 
parallel surgeons will seek ways to ensure safe flap design and harvest while maintaining 
predictability and reliable tissue perfusion. 
 
Saint-Cyr et al. (2009) highlighted that each perforator has a unique and complex vascular 
territory and that a single perforator can capture multiple adjacent territories through direct 
and indirect linking vessels. (25) The same group, published further anatomical studies of 
vascular territories of the abdominal flaps in breast reconstruction, that raised awareness of 
differences in branching patterns and perfusion of pedicled TRAM, full TRAM and DIEP 
flaps(19), and characterized patterns of perfusion and variation of individual perforators in 
the lower abdomen.(26–28) This anatomical work laid the basis for understanding the 
implications of individual perforator territories on flap design in unilateral breast 
reconstruction. 
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1.2 Rationale  
  
Previous anatomical research has focused on the anterior abdominal wall vascular supply, 
perfusion based on pedicled TRAM flaps and more recent years further examination of 
perfusion based on individual perforasomes that are relevant for DIEP breast 
reconstruction. These exemplary studies have provided the foundation of our knowledge on 
perforator anatomy, linking vessels and perfusion to a lesser degree. Many of these studies 
focused on the entire lower abdomen and the use of central tissue and the perfusion based 
on unilateral breast reconstruction. There are no studies that focus specifically on bilateral 
reconstructions, which require a different perspective and understanding of specific 
anatomy pertinent to optimize hemi-DIEP flap design and harvest. Flap complications such 
as fat necrosis and partial flap loss may be multifactorial, but generally related to blood 
supply, thus a better understanding may aid in the predictability and reliability of flap 
harvest. This knowledge provides one approach to augment flap viability through inclusion 
of dominant perforators found in “hot spots” in the body and optimize flap design through 
understanding axiality of flow and capture of direct linking vessels. The use of preoperative 
imaging, such as computed tomographic angiography, has been widely adopted for 
assessment of perforator anatomy preoperatively but technologies to assess of 
intraoperative perfusion and flap physiology are varied and have not been as well 
established. 
 
 The proposed research aims to bridge the gap between microvascular anatomy and flap 
physiology that can aid in decision making for flap design and perforator choice with or 
without adjunct intraoperative imaging technologies. The recognized rise in bilateral 
mastectomy and demand for reconstruction provides justification to re-evaluate 
perforasome anatomy and flap physiology in the context of bilateral microvascular breast 
reconstruction.  
   
The ability to extend the dynamic vascular territory and render tissue more resistant to 
ischemia during flap harvest is one proposed mechanism that plays a role in surgical delay 
and ischemic preconditioning to enhance the microcirculation of the flap. Clinical and 
experimental studies have demonstrated some effectiveness in techniques to augment flap 
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viability but there are still significant gaps in existing and new knowledge that deserve 
further investigation. Preconditioning techniques may have the capability to improve flap 
survival at varying ischemia times, and increase the critical ischemia time which induces 50% 
flap necrosis in both skin and muscle(29). There is a critical gap in knowledge and 
applications of targeted approaches, supported by scientific rigor, to “mimic” ischemic 
preconditioning which may enhance the safety and reliability of flap design, harvest and the 
potential to minimize associated complications. The proposed research will add new 
scientific knowledge that will help develop protocols and optimize strategies for flap 
preconditioning which can be clinically applied with the aim to reduce morbidity from 
complications. Key innovations for this research include (1) the use of a perforator flap 
model and topical negative pressure therapy, which has different blood flow dynamics 
compared to random pattern skin flap designs and clinically relevant to reconstructive 
surgery, and (2) develop an innovative strategy for flap preconditioning and measure its 




The proposed research seeks to better understand the arterial territories of abdominal 
perforator flaps of the anterior abdominal wall in the context of bilateral breast 
reconstruction. It aims to explore the relationship of microvascular anatomy, including the 
presence of direct and indirect linking vessels within the integument of the skin and 
subcutaneous fat, and its impact on overall perfusion zones. Furthermore, this research will 
explore how microvascular anatomy in the integument may correlate overall flap physiology 
that may allow greater predictability in flap design to reduce potential complications. 
Finally, the scope for this research will determine the use of non-invasive approach of 
negative pressure wound therapy (NPWT) pre-treatment for perforator flap preconditioning 
and its influence on capillary recruitment, vasculogenesis, angiogenic growth factor release, 
flap perfusion and lower flap complications compared to control flaps.  
The aims of this study include: 
1. To qualitatively define the patterns of the microcirculation of individual deep inferior
epigastric artery perforators for bilateral breast reconstruction.
2. Evaluate the role of linking vessels and microvascular anatomy on the dynamic
microcirculation and flap physiology in bilateral DIEP breast reconstruction
3. Evaluate the role of negative pressure wound therapy preconditioning to augment flap
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2.1 Anatomy and Physiology of the Deep Inferior Epigastric Artery Perforator Flaps in 
Bilateral Breast Reconstruction   
 
 
2.1.1 Perforator Anatomy and Flap Design in Perforator Flap Surgery   
 
Sir Harold Gillies wrote that surgeons are “faced with a constant battle between vascular 
supply and beauty,”. (30) Throughout the evolution of reconstructive and modern 
microsurgical practice, surgeons have continued to face the same challenges and goals to 
optimize safe, successful tissue transfer that is reliant on a robust blood supply. Milton’s 
work on flap survivability in random pattern flaps demonstrated flap survival and length was 
dependent on the inclusion of a pedicle containing a large vessel. (31) The anatomical 
territory of a vessel has been characterized by the structure of vessels and their branches, 
and the pattern in which they ramify before anastomosing with adjacent vessels. Cormack 
and Lamberty (1984) (32) extended the works of Salmon in detailed examination of the skin 
integument and several systems of perforating vessels which contribute to the blood supply, 
and the axiality of flow from these perforators in different parts of the corpus (32). Taylor 
and Palmer (1987) (33) described that the vasculature of the human body was a continuous 
three-dimensional network of interconnecting vessels, fed by cutaneous perforators. The 
whole body is compartmentalized into vascular building blocks referred to as “angiosomes”, 
defined by a block of composite tissue (from deep tissues to the skin) supplied by a source 
vessel; adjacent angiosomes can be linked by true anastomoses or via small calibre “choke 
vessels” (33). Each angiosome territory describes the immediate vascular territory supplied 
by a source vessel and a perimeter of choke vessels, which connect with neighbouring 
source arteries. (33)  
 
These traditional studies were succeeded by exemplary works that have contributed to 
knowledge of cutaneous blood supply and individual perforator anatomy providing the 
framework for perforator flap design, harvest and developing modifications(31–37) Saint-
Cyr et al. focused on the perforator itself and not the source vessel through a series of 
anatomical studies, to define individual vascular territories through three- and four-
dimensional computed tomographic angiography (19,38,39). The “perforasome” concept, 
coined by Saint-Cyr et al. in their original article, also referred to as a “perforator 
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angiosome” or “cutaneous angiosome” (25), characterized the unique individual perforator 
vascular territory or “perforasome” and the relationship to dominant axiality of blood flow, 
connections with adjacent perforators through direct and indirect linking vessels, and the 
contribution of the subdermal plexus. (25,32)  Large filling pressures through a single 
dominant perforator can allow for large perforator flap harvest based on linking vessels that 
may connect multiple perforasomes to one another. (40) With over 350 clinically relevant 
perforators in the body, this has created new flap options and a sense of creative freedom 
for reconstruction tailored towards a specific defect, without the constraints of specific 
landmarks and using a “free-style” approach.  
Figure 2.1: Pictorial representation of the Taylor and Palmer Angiosomes and predicted 
vascular arterial territories of the source arteries. (From Taylor GI, Palmer JH. The vascular 
territories [angiosomes] of the body: experimental study and clinical applications. Br J Plast 
Surg. 1987;40:113)(33)  
1)Thyroid 2) Facial 3)Buccal 4) ophthalmic 5) superficial temporal 6) occipital 7)deep cervical 8)transverse  cervical 
9)acromiothoracic 10) suprascapular) 11)posterior circumflex humeral 12) circumflex scapular 13) profunda brachii 14) 
brachial 15) ulnar  16) radial 17) posterior intercostals 18) lumbar 19) superior gluteal 20) inferior gluteal 21) profunda 
femoris 22) popliteal 23) descending genicular 23) sural 24) peroneal 25) lateral plantar 26) anterior tibial 27) lateral 
femoral circumflex 28) adductor 29) medial plantar 30) posterior tibial 31) superficial femoral 32) common femoral 33)
deep circumflex iliac 34) deep inferior epigastric 35) internal thoracic 36) lateral thoracic 37) thoracodorsal 38) posterior 
interosseous 39) anterior interosseous 40) internal pudendal. 
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A dynamic territory, is considered the extended the territory which can be supplied by a 
source vessel into an area of decreased pressure or watershed. The principle of a dynamic 
territory implies that there has been a resultant alteration in intravascular pressures and 
readjustment of flow and change in the area perfused. This concept was elaborated in the 
studies of McGregor and Morgan (1973), which provide distinction between random and 
axial pattern flaps and more in depth understanding of the cutaneous blood supply. (41) 
Cormack and Lamberty (1994) believed that selective single injection of arteries to the skin 
integument in a fresh cadaver would more estimate a dynamic territory in-vivo, because the 
lack of surrounding intravascular pressure in vessel would have shifted the boundary of the 
injection territory. Therefore, the limits of the injected contrast medium or dye is likely to 
reflect the limits of a flap that could be immediately harvested in clinical practice based on 
that vessel. (32) The factors that may influence dynamic territories were largely unknown 
and have been subject to on-going research to elucidate the possible mechanisms.  
Better understanding of the vascular anatomy and physiology of the cutaneous circulation 
within soft tissues, and that of patterns of blood flow from individual perforator has 
provided insight to advance perforator flap harvest and modifications in flap design. A 
comprehensive understanding of the vascular anatomy is critical to evidence-based 
perforator selection and optimizing flap design. 
2.1.2 Autologous free tissue transfer in breast reconstruction 
Breast reconstruction has become an important consideration for women after 
mastectomy. The goal is to re-create a breast mound that is naturally soft, durable, looks 
and feels like a normal breast, and can mature and naturally change with the patient over 
time.  Women undergoing breast cancer surgery have become younger over the years and 
so reconstructive options ought to place greater emphasis on longevity. Documented trends 
include changes in patient demands and expectations; the disadvantages of implant 
reconstruction being better understood and the results through autologous reconstruction 
being more widely recognized. (15,16) 
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The deep inferior epigastric artery perforating vessels supply the overlying the skin and 
muscle in the lower abdomen. Hartrampf (1982) recognized that the breast is largely a fat 
gland therefore reconstruction with vascularized fat, taken from an area of excess, and 
transposition to the chest wall would be a desirable and attractive concept. (18) The lower 
abdomen potentially provides the greatest area of skin in the free-flap surgery. (42)The use 
of abdominal tissue for autologous breast reconstruction has been long and widely 
practiced, with similar characteristics to breast tissue and an aesthetic donor site scar. The 
Deep Inferior Epigastric Perforator (DIEP) flap had evolved from the traditional transverse 
rectus myocutaneous (TRAM) flap that was used for pedicled breast reconstruction, based 
on the superior epigastric artery. (18) However, the inferior epigastric artery plays the 
dominant role in abdominal tissue transfer in autologous reconstruction. (19) Koshima and 
Soeda first described the DIEP flap in 1989 (43) and Allen and Treece popularized its use in 
breast reconstruction in 1994. (44) This flap has been studied extensively and is a safe 
reliable option in breast reconstruction with low morbidity.  
Figure 2.2: Illustration of the DIEP flap harvest of only skin and subcutaneous fat, with a 
dissection of the pedicle through the rectus muscle. (Source: Saint-Cyr	 M.	 Assessing	
perforator	architecture.	Clin	Plast	Surg	2011;	38:	175–202). 
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2.1.3 Vascular anatomy of the Deep Inferior Epigastric Artery Perforator (DIEP) Flap in breast 
reconstruction  
The deep inferior epigastric artery is a paired artery that forms the dominant supply to the 
anterior abdominal wall. The artery arises from the external iliac artery, just above the 
inguinal ligament, and courses cephalad and medially to approach the rectus muscle on its 
lateral edge and travels towards the arcuate line on its deep surface. The artery pierces the 
fascia transversalis, and enters the rectus sheath in front of the arcuate line. (45) At this 
level the main artery will form one of three typical branching patterns. (46) The commonest 
branching pattern is a type II (57-89%), which is a simple bifurcation and perforators arising 
from the medial or lateral row of the DIEA. Type I vascular pattern involves a single inferior 
vessel (27-29%) and type III pattern (14-16%) is a trifurcating pattern above the arcuate line. 
(47) Variations in anatomy include absent unilateral DIEA (48), duplicate systems and intra-
abdominal origin of the DIEA. (47)
The deep vascular system of the anterior abdominal wall includes the inferior epigastric and 
this continues cephalad to anastomose with the deep superior epigastric vessels. Branches 
from these two systems extend laterally to anastomose with the intercostal territories. In 
anatomical studies of the anterior abdominal wall, prominent connections between 
different vascular territories and networks have been studied and described as a system of 
longitudinal and transverse arcades. (45). Lateral branches provide a series of 
fasciocutaneous perforators that emerge from the external oblique aponeurosis and 
anastomose with the intercostal vessels. (45) The lowermost lateral branches are interposed 
with perforators from the Deep Circumflex Iliac Artery (DCIA) ascending branch which 
together can form a continuous network. This ascending branch of the DCIA, which is a 
branch of the external iliac artery, courses cephalad between the transversus abdominis and 
internal oblique muscles to anastomose with the lateral branches of the DIEA and 
intercostal arteries laterally. (45,49) Figure 2.3 is an illustration to highlight the angiosome 
concept as described by Taylor et al (1991).(45) 
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Figure 2.3: Schematic illustrations of the arterial systems of the anterior torso 
demonstrating the angiosome concept and dotted lines representing the choke vessels of 
adjacent territories (Left) and general angiosome territories and their representative source 
vessels (Right). (Source: Taylor et al 1991. Vascular Anatomy of the Anterior Abdominal Wall 
and Flap Design. Semin Plast Surg. 2008 Jun 19;5(1):1–28) 
The DIEA during its course gives rise to muscular, musculocutaneous, lateral segmental, 
peritoneal and a large umbilical artery. (42) The perforators may take an intramuscular 
course, which can be short (most common), perpendicular or a long oblique course, or they 
may have a completely extra-muscular course. After exiting the rectus muscle, the 
perforators may directly pierce the anterior rectus sheath or travel a short distance in the 
sub-fascial plane before penetrating the anterior rectus sheath. Cutaneous perforators have 
been classically divided into three groups including medial fasciocutaneous perforators from 
the linea alba (paraumbilical), middle musculocutaneous perforators from the anterior 
rectus sheath, and lateral fasciocutaneous arising through the external oblique aponeurosis. 
(42). Medial musculocutaneous perforators have been described as the larger branches that 
arise from the main DIEA vascular axis to supply the overlying skin and subcutaneous tissue, 
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with minor contributions to the muscle. Classical anatomical studies of the DIEA perforators 
have shown that large DIEA perforators are clustered in the medial and periumbilical 
area(42,46) and there is a lower concentration of perforators over the lateral third of the 
rectus muscle.  
 
In a systematic review by Iretan et al. (2014) the course of these perforators had a 
considerable anatomical variation in that 20 up to 67% had a direct course on exiting the 
fascia, and around 33% and 50% may have a sub-fascial course between 0.5 up to 3cm from 
the collated studies. Perforators that had a more direct course were found usually within 
3cm of the umbilicus, and those lower in the abdomen were more likely to have a longer 
sub-fascial course. (47,50) In the subcutaneous layer, lateral row perforators have a more 
oblique course through this layer, whilst the medial row perforators a more direct path. 
Once the perforators reach the subcutaneous and dermal layers there is considerable 
branching and anastomoses; midline perforators have a high degree of midline crossover, in 
contrast to the lateral row perforators, that have little midline crossover of their vascular 
territories, and this has been demonstrated on cadaveric anatomical studies. (27,51) Larger 
dominant perforators are typically seen in the medial row, and within 3-5 cm of the 
umbilicus, representing a “hot spot” of dominant perforators in DIEP flap harvest. 
 
The anterior abdominal wall is a rich anastomotic network connecting the source vessels. 
They form rich plexuses in the subdermal region, adjacent to the Scarpa’s fascia, within the 
deep layer of subcutaneous fat and on the surface of the rectus sheath. (45) Perforators 
pierce the anterior rectus fascia and branch out in a cranial, caudal, and lateral directions to 
join an arterial community of linking vessels. These linking vessels may form direct 
communication with the superficial systems from the superficial inferior epigastric artery 
(SIEA) and superficial circumflex iliac artery (SCIA) territories.(42) The dominant axiality of 
flow from the SIEA is directed cranially and laterally to join the intercostal system. (42) The 
superficial systems from the superficial inferior epigastric artery (SIEA) and superficial 
circumflex iliac arteries (SCIA) mimic the patterns of the deep systems (DIEA and DCIA). (52) 
The territory of the SIEA is defined as just beyond the lateral border of the rectus muscle 
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and this can extend towards the anterior axillary line and can be captured by an ipsilateral 
DIEA perforator.(42)  
Linking vessels within the integument are comprised of a series of reduced calibre vessels, 
termed “choke” vessels, which help to determine the anastomotic territories of the arteries. 
(33). Angiosome concepts have been used to predict the borders of potential necrosis of 
flaps. Taylor and Palmer (1987) described the ability to safely capture adjacent vascular 
territories that include one set of choke vessels,  but attempts to harvest any subsequent 
angiosomes (more than one series of choke vessels), would lead to flap necrosis. (33)  
Figure 2.4:  Three-dimensional computed tomographic angiography (CTA) in-vivo and 
demonstration of DIEP perforators in the paraumbilical area. (Image source provided by Prof 
Michel Saint-Cyr based on prior research).   
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Figure 2.5:  Illustration and patient demonstration of location of dominant perforators of 
the deep inferior epigastric vessels in relation to the umbilicus (left); and representation of 
key areas of dominant perforators (hot spots) in red, and areas of deficient dominant 
perforators (cold spots) in blue.  
(Left image source: Saint-Cyr M. Assessing perforator architecture. Clin Plast Surg 2011; 38: 
175–202).  
2.1.4 Zonal perfusion of the Deep Inferior Epigastric Artery Perforator (DIEP) Flap 
There have been a considerable degree of anatomical, radiological and clinical studies using 
a variety of intraoperative technologies, to determine the perfusion patterns of perforators 
following DIEP flap harvest. In the harvest of the TRAM flap, where most of the DIEP 
perforators are included, it has been accepted that the perfusion of the flap integument 
occurs in zones.  
Four zones have been typically described for vascular perfusion of the lower abdominal wall, 
with sequential filling of each zone. (18)(53)(54,55) The first zone universally represents the 
highest degree of perfusion found on the ipsilateral side of the DIEA perforator. The 
Hartrampf zones of perfusion (I to IV) are familiar to most plastic surgeons. The Hartrampf 
zones II and III were proposed to be reversed following earlier clinical studies by Dinner et al 
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(1983)(56) and recommended by Holm et al (2006) using intraoperative fluorescence 
imaging. (55) There is contention in the literature of the characteristics of these zones and 
the application of these traditional zones to perforator flaps based on a single dominant 
perforator. It is recognized that lateral and medial row perforator have different vascular 
perfusion patterns through clinical, radiological and cadaveric anatomical studies. 
(26,28,55,57) 
Medial row perforators generally are larger in calibre, with more extensive branching 
patterns and greater perfusion patterns compared to lateral row perforators. (19,26,27,57) 
The medial row perforators can reliably perfuse across the midline and provide a robust 
vascularity to flaps raised on a single dominant perforator in the central two zones. (27) 
Cadaveric studies by Moon and Taylor (1988) demonstrated that midline perfusion occurred 
predominantly at the subdermal and superficial scarpa’s level to fill the perforator of the 
contralateral DIEA, but with limited capture of the deep scarpa’s tissue on the contralateral 
side, and no filling of the contralateral SIEA. (46) 
Figure 2.6: Representation of Hartrampf zones of perfusion of Deep Inferior Epigastric 
Artery Perforator (DIEP) in the lower abdomen (Patient image provided by Prof Michel Saint-
Cyr; Illustration Source: Wong et al. Perforasomes of the DIEP Flap: Vascular Anatomy of the 
Lateral versus Medial Row Perforators and Clinical Implications. 2010:125:772-782).  
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Figure 2.7: Micro-CT analysis of an injected perforator and presence of direct linking 
vessels and indirect linking vessels via the subdermal plexus, with connections to an 
adjacent perforator. The upper portion of the image represents the perforator and deep 
surface of the flap and the inferior portion of the image represents the skin. (Source: 
Laungani AT, Van et al. Three-dimensional CT angiography assessment of the impact of 
the dermis and the subdermal plexus in DIEP flap perfusion. J Plast Reconstr Aesthet Surg. 
2015)(58) 
The medial row perforators are found to have a more direct course through the anterior 
rectus sheath (47) and to Scarpa’s fascia compared to lateral row perforators.  The medial 
row perforasome can be classified using the traditional zone concepts and through 
anatomical studies have demonstrated perfusion patterns similar to Hartrampf zones of 
perfusion. In contrast, the lateral row perforasome is more representative of Holm’s zones 
of perfusion. (26)   
For unilateral reconstruction the medial row perforators perfuse more medially supplying 
the central portion of lower abdomen, and lateral perforators perfuse laterally therefore 
preferentially supplying the ipsilateral hemi-abdomen (57), and they share a similar territory 
to the ipsilateral superficial inferior epigastric artery (SIEA). (26) The DIEP flap’s vascular 
territory could be potentially augmented with the inclusion of a second perforator. It was 
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often found that the lateral row perforators  of the DIEA during flap harvest were usually 
the more dominant (larger) in the lower abdomen, and ran a more rectilinear course 
permitting an easier dissection. (59)  However, if the medial row perforators were 
dominant, it would be recommended to harvest a flap based on a dominant medial row 
perforator, particularly if a larger flap is being required (as an alternative to muscle-sparing 
TRAM flap). Although in the past it was advocated that if a flap was reconstructed with only 
a hemi-abdominal flap, a lateral row perforator DIEA or SIEA could be considered. However, 
perfusion territories can vary between medial and lateral row, the decision for perforator 
choice should be based on the largest and dominant perforator in the hemi-abdomen, 
regardless of row.  In the hemi-abdomen, the medial and lateral row are connected by 
direct linking vessels and indirect linking vessels via the subdermal plexus.  
For medial row perforators, there are large linking vessels, which connect with the lateral 
row and additional intra-row perforators; linkage with the contralateral medial row 
perforators across the midline is obtained via the subdermal plexus. These linking vessels 
are similar to the choke vessels described by Taylor. The use of preoperative Computed 
Tomographic Angiography (CTA) can be used preoperatively, to review the presence of 
dominant perforators and linking vessels, and the course of the dominant perforators to 
plan the dissection and flap harvest. (60,61) The addition of intraoperative use of 
indocyanine green (ICG) laser fluorescence angiography has provided a useful tool for an 
early assessment of flap perfusion and micro-anastomotic flow. 
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Figure 2.8: Left Hemi-DIEP based on a medial row single dominant perforator, however 
large linking vessel can be identified on CT between medial and lateral row perforator using 




A newer proposal of perforator perfusion is a radial distribution of zones that is centred on 
the selected dominant perforator, and the perfusion sequentially falls in both directions 
between adjacent perforasomes. (40,57) For example, if zone I is supplied by a selected 
medial row DIEA perforator, the immediate adjacent perforasome zone II is captured by the 
ipsilateral lateral row DIEA and contralateral medial row DIEA; zone III, refers to the second 
captured zone extending further out, which would be the contralateral lateral row and 
ipsilateral SIEA territory, and Zone IV refers to the contralateral SIEA territory that is the 
farthest away. (25,40)  
 
Linking vessels in the trunk are commonly directed perpendicular to the midline and follow 
an oblique transverse direction, parallel to the cutaneous dermatomes.  Flow from these 
perforator angiosomes can be multidirectional and cross the midline in many cases, but 
preferential flow is normally directed away from the midline to maintain adequate blood 
supply to adjacent regions, which are populated with fewer perforators. The degree of 
branching in DIEA perforators are highly variable in number and calibre between 







Large Linking Vessel 
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approach in mapping the vascular territories of individual perforators indicates the high 
variability in the ability of a perforator to perfuse a given tissue volume. (62) 
Figure 2.9: New proposed model of perforasome perfusion of the lower abdomen following 
sequential pattern between adjacent perforasome. Source: Saint-Cyr M. Assessing peforator 
architecture. Clin Plast Surg 2011; 38: 175–202 
2.1.5  Imaging Techniques in DIEP Breast Reconstruction 
(This section is based on previously published work on review of imaging techniques has 
been previously published by Mohan et al(63)) 
Computed tomographic angiography (CTA) and magnetic resonance angiography (MRA) 
have played a valuable role in the advance of anatomical research of perforator flaps(38,62), 
and preoperative planning of patients in breast reconstruction, providing a three-
dimensional representation of the vascular architecture. The use of sophisticated imaging 
tools both in clinical practice and research has advanced our understanding of flap 
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physiology, microcirculatory architecture, vascular territories, axiality of flow of dominant 
perforators and role of linking vessels within the soft tissue integument.(25,26,38–
40,58,64–69) Despite the knowledge of regional “hot spots” of dominant perforators, it is 
recognized that anatomy is highly variable, even between individual sides of a 
patient.(64,70) Flap harvest is a highly technical procedure associated with a steep learning 
curve and therefore knowledge of the location and anatomy of the underlying perforators 
can shorten the learning curve; increase the predictability and intraoperative decision-
making in choosing the appropriate perforator and technique in an individual patient; 
(71,72) and anticipated dissection time.(73)    
The handheld Doppler and Colour Duplex Ultrasonography have been traditionally used to 
detect the location of perforators and their characteristics of flow(74–77). However, 
although these techniques are less expensive and obviate radiation exposure, they have 
been associated with significant inter-observer variability, conducted over 45-60 minutes by 
highly experienced personnel, have high false positive rates, may be limited by difficulty in 
interpretation of findings, reproducibility, patient body habitus and only provide a two 
dimensional picture of the underlying vascular architecture.(73) Although CTA has 
superseded Doppler US in many institutions, it is not universally considered as a first-line 
preoperative imaging choice.(78,79) Agreement between colour Doppler US and CTA has 
been reported to be good. Cina et al. (2010)(79) reported in a study of 45 patients who had 
both CTA and Colour Doppler US, that both modalities were accurate in perforator mapping 
and had their associated strengths and weaknesses in assessing artery calibres and 
estimating the intramuscular courses. 
2.1.6 Computed Tomographic Angiography to Assess DIEP Vascular Anatomy 
Masia et al. (2006)(80)  and Alonso-Burgos et al. (2006)(81) were among the first  to report 
preoperative CTA in planning of free tissue transfer and it has become widely adopted into 
clinical practice and considered to some extent as the gold standard for preoperative 
imaging in DIEP breast reconstruction.(60,64,69,71,82–85) It allows for highly accurate 
perforator mapping, including the course of dominant perforators and it is non-invasive, 
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highly reproducible, has a short scanning time (less than 5 minutes), high spatial resolution 
and concordance with intraoperative findings.(85)(64,86)(87,88) Furthermore, preoperative 
imaging can reveal uncommon congenital absence or iatrogenic ligation of the deep inferior 
epigastric source vessels, aberrant communication of perforators with underlying source 
vessels, or absence of suitable DIEP perforators.(84,89) It has a valuable role in women who 
have had previous abdominal surgery who could be a potential candidate for DIEP 
reconstruction, allowing assessment of scarring and the availability of perforators. (90) 
Although CTA does not provide details on flow characteristics and perfusion, the ability to 
examine the linking vessels and branching pattern in the subcutaneous tissue and 
connection with adjacent perforator territories, may allow the surgeon to make inferences 
on the potential perfusion territories.(84) Similarly, connections between the superficial and 
deep systems, and communicating vessels across the midline can be examined. (59) 
 
 It is important that if CTA is to be incorporated into the preoperative planning of 
microsurgical breast reconstruction that a dedicated protocol is established within the 
institution specific to the device being used. Similarly, there is valuable role in collaborating 
with radiology colleagues to create a reporting procedure to highlight crucial and relevant 
details specific to DIEP flap surgery. Radiation exposure has been a limitation or sometimes 
concern for preoperative planning, however the advancement of CT protocols which have 
been developed for more focused exams has limited the radiation exposure on average 
around 5mSv per scan, which is equivalent to two abdominal radiographs and lower than a 
standard abdominal CT.(80,91–94) Sensitivity to iodinated contrast materials or its 
nephrotoxicity can be the main limitation associated with CTA in selected patients with 
known allergies or renal impairment.  
 
As reconstructive algorithms evolve it has been shown that these techniques, such as 
adaptive statistical iterative reconstruction protocols that have been incorporated into 
commercial CT scanners, can now achieve reproducable high quality comparable images 
without amplification of noise in the imaging.(95) Other developments include 3D 
perforator anatomy models for the patient from preoperative imaging. Real-time projection 
guidance tools for intraoperative perforator identification have also been investigated, but 
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require further detailed studies.(88,89,96) Hummelink et al. (2015) reported the use of a 
handheld projection tool intra-operatively to map the perforators and anatomical course of 
the vessel to the source DIEA from the preoperative CTA directly onto the abdomen. This 
new tool was to demonstrate the combination of a minimalist operative room compatible 
projection system and CTA reconstructed images. A comparison was made with localization 
with a handheld Doppler, demonstrating better localization, and with a potential benefit in 
patients with a high Body Mass Index (BMI) >30. (96) 
2.1.7 Magnetic Resonance Angiography to Assess DIEP Vascular Anatomy 
In 1994, Ahn et al. first described the use of MR imaging for delineating perforators of the 
lower abdomen for TRAM flap selection without contrast.(97) The use of a Contrast-
Enhanced MR angiography (CE-MRA) protocol in examination of the DIEA vascular anatomy 
is a relatively newer imaging modality and represents the next generation in preoperative 
DIEP planning. The protocol has been previously described by Chernyak.(98–100) Rozen et 
al. (2009) who reported a low specificity with MRA (50%) despite a high sensitivity (100%), 
which suggested that it was still inferior to preoperative CTA. However significant advances 
have been seen in imaging acquisition, processing, contrast agents and the scanners 
themselves. MRA has notable advantages over CTA as it obviates the exposure to ionizing 
radiation but can still provide high imaging quality and accurate localization of perforators 
with high concordance with intraoperative findings.(98,101,102) MRA is considered to have 
lower spatial resolution but higher contrast resolution, permitting a better delineation of 
the intramuscular course of perforators.(103) Schaverien et al. (2011)(101) assessed the role 
of contrast-enhanced MRA (CE-MRA) for assessment of DIEP venous anatomy providing 
information on the connections between perforator vena comitantes and the superficial 
inferior epigastric vein (SIEV) and the incidence of diffuse venous congestion 
(P<0.0001).(104)  
CE-MRA with Gadolinium has a better safety risk profile, and lower hypersensitivity 
compared to the iodinating contrast media used in CTA, but is associated with a rare 
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syndrome of nephrogenic systemic fibrosis in patients with severe renal impairment. (101) 
Some of the advances in MRA have been the introduction of newer contrast agents and 
scanners with higher field strength for better quality image acquisition including 
extracellular contrast agents such as gadobenate dimeglumine, and newer blood pool 
contrast agents such as gadofosveset trisodium.(85,105)  
Limitations with MRA in preoperative planning in breast reconstruction include the higher 
costs compared to CTA, limitation in detecting perforators less than 0.8mm in diameter, 
susceptibility to motion artefact and the requirement for the patient to breath-hold for 
longer periods, which may not be feasible in some patients.(85) MRA is contraindicated in 
severe obesity, patients with implanted defibrillators, implanted metallic devices or foreign 
bodies. It is a relative contraindication in patients with artificial heart valves, and in patients 
who cannot lay still, or have severe anxiety or claustrophobia. Currently the higher cost, 
availability and timing for the examination, is a major drawback to the adoption of MRA in 
breast reconstruction. The actual scanning time required for CE-MRA is around 20-30 
seconds, compared to MD-CTA which is less than 20 seconds(101), although total 
examination time may be up to 40 minutes. As MRA becomes more accessible it may 
become considered as a first line imaging modality for preoperative planning in the near 
future, in particular for younger patients, iodine hypersensitivity or renal impairment.(85) 
CTA and MRA both provide a three-dimensional map and are reported as superior 
techniques in localization and characterization of perforator anatomy (Table 
2.1).(69,106,107)   
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Table 2.1: Overview of advantages and Disadvantages of Computer Tomographic 
Angiography (CTA) and Magnetic Resonance Angiography (MRA) to assess vascular anatomy 
in breast reconstruction.  
Advantages Disadvantages 
CTA • Considered current gold standard
• Fast image acquisition
• Widely available
• Can image larger BMI patients
• Accurate localization and course of
perforator
• Can identify vessels down to 0.3mm
• Excellent spatial resolution
• Easy interpretation with 2D and 3D
reconstructions.
• Images can be reviewed independently
• Ionization radiation exposure
• Risk of hypersensitivity or
nephrotoxicity
MRA • Contrast agents may have safer risk
profiles e.g. gadolinium
• No ionizing radiation
• Arterial and venous image acquisition in
single scan.
• Greater muscle to vessel contrast
resolution
• Easy interpretation of 2D and 3D
reconstructions
• Images can be reviewed independently
• Longer scan time
• Need for MR contrast agent
• Contraindications e.g.
implantable defibrillator,
metallic foreign bodies and
claustrophobia
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Fluorescent angiography has been used in other specialties but its utility in reconstructive 
surgery is relatively new and still developing. Indocyanine green absorbs green light in the 
near infrared spectral range at 805nm and emits fluorescence with a maximum of 835nm. 
(55). Following a peripheral injection through an intravenous catheter, ICG binds to plasma 
proteins immediately and remains almost completely bound.(108) A light wavelength of 
800nm in the near-infrared spectrum is minimally absorbed by water or haemoglobin and 
minimally scattered in surrounding tissues and allows the capture of blood flow in the 
microcirculation of the subdermal plexus and subcutaneous fat up to depth of 2cm 
approximately. (23,108)Following the injection of indocyanine green through peripheral 
injection, at a dilution typically of 2.5mg/ml, the cutaneous vascularity is captured within 15 
seconds to 2.5 minutes using infrared energy to excite the ICG, and recorded with inbuilt 
video and analysis software algorithms to generate quantitative data. (85,109) It has a short 
half-life of 3-4 minutes and is excreted in the bile, which makes repeat measurements 
possible intra-operatively without reaching toxic levels. This type of laser has no potential 
for local tissue damage. Its role in preoperative imaging is still limited and the information it 
can provide is limited in depth of penetration from the skin. (110) LA-ICGFA can characterize 
flow and perfusion in flaps and its use has focused on intraoperative assessment of flap 
perfusion, patency of the anastomosis, and on occasion postoperative monitoring.(111–
114) It is safe to use, with very few reports of anaphylaxis but its use is contraindicated in 
patients with allergies to iodine.(108) 
 
New quantitative algorithms may have the potential of identifying cutaneous perforators in 
a 2D map using ingress/ egress calculations per pixel to create timing maps to locate 
dominant perforators. However, the 3D mapping and detailed knowledge of underlying 
anatomy is absent. This technology is considered better at assessing flap physiology and 
perfusion used intra-operatively as an adjunct to clinical judgment, and in conjunction with 
other preoperative imaging technologies to improve predictability and reduced 
complications in breast reconstruction. Its main impact has been seen in the early 
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identification of mastectomy skin necrosis reducing its subsequent complications, and has 
sometimes necessitated changes to the approach in breast reconstruction.(112,115)  
2.1.9 Dynamic Assessment of DIEP Perfusion 
The use of dynamic infrared thermography (DIRT) to assess the cutaneous circulation was 
introduced in the 1980s but its application in preoperative planning of perforator flaps is 
more novel. (116–119) There is limited evidence on the efficacy and comparison of this 
imaging modality as a tool for preoperative perforator selection in breast reconstruction. 
The technique is based on surface cooling followed by a period of rewarming, and during 
the rewarming phase, the cutaneous perfusion is analysed with an infrared camera and hot 
spots correlate with perforator location. This technology is non-invasive and requires no 
contrast agents, however the accuracy of this technology has been compared with Doppler 
(116) and findings were dependent on the pattern of rewarming. This technology, although
non-invasive and with a low patient risk profile, can only provide moderate and variable
data on perforator location through a 2D map. Compared to the 3D architectural mapping
from CTA and MRA, it is considered an inferior preoperative imaging choice.  It is not widely
available and although it may be associated with lower costs, there is a dearth of evidence
to support its utility for preoperative planning and limited evidence intra-operatively that
would support decision-making in breast reconstruction. (120)
The development of some of these technologies serve as an aid to assist to reduce the 
learning curve, potentially decrease surgery time and operative stress and may translate to 
improved clinical outcomes. Any imaging technique should aspire to have the lowest risk of 
harm to the patient, acquisition of the highest quality images providing the greatest amount 
of information, and be performed within the short duration and minimal burden to the 
patient.  Current imaging modalities should still be considered as an adjunct and not a 
replacement for clinical judgment in planning and intra-operative decision-making in breast 
reconstruction. The evolution of technology has facilitated the ability to improve the 
predictability and reproducibility of outcomes in autologous breast reconstruction (71) and 
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translate to improved patient outcomes and efficiency, although large prospective clinical 
data are still required in this area. (71,73,82,88,101,103,108,111,112,125–128) 
 
There are limited clinical studies that specifically review the perforasomes and the 
assessment of zonal perfusion in DIEP flaps in-vivo. The use of ICG fluorescence angiography 
has been used as a method to assess intraoperative dynamic perfusion of both TRAM and 
DIEP flaps intraoperatively. Yamaguchi et al (2004) evaluated the perfusion patterns 
intraoperatively of 10 TRAM flaps in breast reconstruction and demonstrated that perfusion 
zones can be objectively analysed intraoperatively using ICGFA had areas of hypo-perfusion, 
but did not apply any objective quantifiable data to their assessment.(114) Holm et al (2006) 
in 15 patients (13 unilateral flaps, 2 hemi-DIEP flaps) used ICGFA to assess these zones of 
perfusion as originally described by Hartrampf to compare a perfusion index and inflow in 
each of these zones.(53) Flaps were harvested on 2 (n=12 flaps) or 3 perforators (n=3 flaps). 
Losken et al (2012) evaluated perfusion of TRAM (n=37) and DIEP (n=18) flaps using 12 data 
points in each Hartrampf zone of the flap.  Absolute values of ICG perfusion were averaged 
in each zone, in order to quantify and compare zones of perfusion. Only 15 flaps were based 
on single row perforators and a comparison of medial and lateral row perforators did not 
appreciate a difference in median perfusion in zones I-IV. It was recognized that real-time 
assessment of perfusion is possible with this technique that is quantifiable, reproducible 
and dynamic. (121) 
 
Laser Doppler imaging has also been described in the assessment of dynamic intraoperative 
perfusion of DIEP flaps. This technology has been used to assess microcirculatory changes in 
DIEP flaps and compare assessments postoperatively in breast reconstruction. (21,122). In 
one study by Van den Heuvel (2011), the author evaluated perfusion in DIEP flaps 
intraoperatively in 16 DIEP flaps. In this study a 15cm x 10cm area was marked on the flap 
from the midline, in addition to a 2cm x 2cm area for subsequent analysis. In this study 
there was no evaluation of zonal perfusion of DIEP flaps but a more rudimentary 
assessment of central and peripheral flow that was evaluated preoperatively, following 
transplantation to the chest wall and 24 hours post operatively. (122) There was no 
difference in the central and peripheral flow preoperatively and immediately following flap 
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harvest, and there was no significant change in peripheral perfusion when the flap was 
isolated on the vascular pedicle. However, changes in flow occurred after transplantation to 
the chest wall.  Tindholt et al (2011) compared intraoperative zonal perfusion, using 
traditional Hartrampf zones with changes in perfusion post operatively in 20 unilateral 
breast reconstructions following resection of zone IV. (123) In this case series 16 flaps were 
based on single medial row and 2 flaps were based on lateral row perforators. They 
identified that preoperatively all four zones had uniform perfusion, but following flap 
harvest zone IV significantly dropped in comparison to zone I, zone III also dropped 
significantly but zones I and II remained unaffected. Comparison of medial and lateral 
perforator location was not performed. (121).  
 
The characteristics between clinical and quantitative assessment of DIEP zonal perfusion 
continues to be under further debate and investigation. Other example modalities used in 
clinical studies to evaluate zonal perfusion include the use of dynamic infrared 
thermography (DIRT) and tissue oxygenation. The use of thermography has been proposed 
as a new modality to bridge the gap in identifying perforators but in addition, identify the 
pattern of interconnections. (124) Chubb et al (2013) proposed that the use of DIRT can be 
used to evaluate true and choke anastomoses between perforator angiosomes in flaps and 
that patterns of the interconnections seen on thermographic images correlated with 
patterns seen in the group’s previous anatomical cadaveric studies. (124) Rahmanian-
Schwarz et al (2011) performed a combined anatomical and clinical study to assess the DIEP 
microcirculation using a micro-lightguide spectrophotometer that combines tissue oxygen 
and laser doppler flowmetry. Quantitative analysis of the traditional Hartrampf zones of 
DIEP flap perfusion was assessed intraoperatively using several measurement points within 
each zone. (17) The results of their study did not show significant changes in perfusion in 
zones II and III when the flaps were isolated on their vascular pedicle and regardless of 
perforator row.  
 
The characterization of dynamic perforasomes is still not fully understood. A few limited 
studies to appreciate intraoperative perfusion dynamics of DIEP perforasomes have often 
used traditional zonal perfusion as a reference but many highlighted the residual gap in 
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knowledge, that there is high variability in perforasomes and that the traditionally used 
Hartrampf zones are still in debate in the context of DIEP flaps.   
2.2 Topical Negative Pressure Pre-treatment and Implications on Flap Vascularity 
2.2.1 Overview of strategies to augment flap perfusion 
Successful flap reconstruction relies on the presence of adequate blood supply and wound 
healing potential. Angiogenesis is controlled by a complex regulatory system and is 
important for wound and tissue repair. Complications may be a result of persistent 
ischemia, hypoxia, post-ischemic reperfusion injury, venous insufficiency of the tissue, or 
thrombosis that may lead to total or partial flap necrosis. Augmented neovascularization 
would theoretically decrease the likelihood of flap loss or skin necrosis while increasing the 
amount of potential well-vascularized tissue harvested. This would have the potential 
benefit to reduce the risks of complications associated with poor blood supply, including 
flap loss, partial necrosis and fat necrosis.  
Knowledge of perforator anatomy and microvascular architecture has improved the 
understanding of vascular territories of individual perforators for more predictable flap 
design and harvest, however the concomitant use of additional interventions in clinical and 
experimental models has shown potential to augment flap viability to improve survival. 
These strategies may alter the microvascular flow with early and late effects through 
changes in metabolism, blood flow and density of blood vessels within the tissue(20). 
Mechanisms that are involved in surgical delay / preconditioning to result in increased flap 
survival is thought to represent a combination of anatomical, physiological and molecular 
factors. The ability to extend the vascular territory of a perforator flap and render tissue 
more resistant to ischemia during flap harvest is one proposed mechanism that plays a role 
in surgical delay and ischemic preconditioning that have been traditionally used to augment 
flap perfusion. These treatment strategies are applied prior to flap surgery in order to 
improve survival and adapt tissue to the subsequent stress of the surgery by improving 
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overall tissue tolerance. Other strategies to apply stressors to develop tissue tolerance 
against ischemia may now include for example hyperthermia, hypothermia, drugs and 
application of growth factors.(116,117) 
 
	
2.2.2 The Delay Phenomenon  
 
The technique of surgical delay refers to a staged surgical approach that has been used for 
many years, traditionally for pedicled skin flaps, to augment their blood supply and viability. 
Delay is a well-recognized method of increasing vascularity in pedicled flaps and has been a 
technique studied in numerous experiments in animals(118–124) and used clinically. (125–
127) One type of surgical delay technique for fasciocutaneous flaps is based on incising the 
longitudinal sides of the flap followed by flap undermining, to create a bi-pedicled flap and 
suturing it back into the donor site. In perforator or musculocutaneous perforator flaps this 
the delay technique is performed with incisions along the flap and elimination of additional 
feeding vascular pedicle. This manoeuvre promotes hypertrophy and reorganization of 
vessels to promote axiality of flow along the length of the flap. (128) At 2-3 weeks following 
the first stage, the distal end of the flap is cut and a single pedicled flap can be completely 
harvested and transferred to the recipient site for wound coverage.  Surgical delay increases 
the survival length of a flap by allowing the choke vessels to dilate between adjacent 
perforators. Similarly, an alternative to incising the perimeter of the flap is the technique of 
vascular delay achieved by dividing distal perforating arteries at 1-2 weeks prior to raising 
the flaps.  Similarly, ligation of the distal vessels or additional perforators in to a flap is a 
technique of vascular delay that can also augment the blood supply to pedicled flaps prior 
to transfer.  This has been used in the clinical setting in transverse rectus abdominis 
myocutaneous (TRAM) flaps for breast reconstruction. (125,126,129,130)   
 
These traditional mechanisms of surgical and vascular delay are still poorly understood but 
have been clinically proven to increase the vascularity of the flap. It is postulated that 
changes seen in vascular delay can be divided into early and late effects. On completion of 
the surgical delay procedure, there is an immediate effect of alteration of sympathetic tone, 
followed by dilation and reorientation of choke vessels within the flap.(131,132)  
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2.2.3 Ischemic Preconditioning   
 
Ischemic and remote preconditioning techniques, involving pre-clamping of pedicles 
followed by reperfusion of the tissue, can lead to metabolic changes that give rise to an 




growth	 has	 been	 extensively	 studied	 across	 other	 medical	 and	 surgical	 specialties,	
including	myocardial	 ischemia(133),	brain,	skeletal	muscle,	gastrointestinal	tract,	 lung	
and	 kidney(116),	 but	 parallels	 can	 be	 drawn	 from	 these	 conditions	 to	 propose	





Experimental	 studies	 have	 also	 demonstrated	 success	 of	 ischemic	 preconditioning	 in	
flaps.	A	large	variety	of	cellular	mechanisms	including	vasodilating	nitric	oxide,	protein	
kinase	 C,	 ATP	 signal	 transduction	 pathways,	 adenosine,	 cyclooxygenase-2,	 bradykinin	
through	sensory	nerve	stimulation	and	growth	factors,	have	been	investigated	for	their	
role	 in	 ischemic	 preconditioning(134).	 The	 biological	 mechanisms	 of	 new	 vessel	
formation	 (vasculogenesis)	 and	 the	 growth	 of	 pre-existing	 vessels	 (angiogenesis)	 are	
still	 subjects	 of	 ongoing	 research	 (20,116,135).	 Some	 of	 the	 proposed	 mechanisms	
associated	with	ischemic	preconditioning	include	a	reduction	in	arteriolar	vasospasm,	a	
decrease	in	capillary	no-reflow	and	an	increase	in	blood	flow	response	that	have	been	
investigated	 through	 experimental	 in-vivo	 models(116).	 	 Remote	 ischemic	
preconditioning	 of	 flaps	 has	 been	 shown	 to	 enhance	 flap	 survival	 by	 induction	 of	 an	
ischemic/perfusion	 event	 in	 an	 area	 distant	 from	 the	 flap;	 this	 indicates	 that	 this	




In	 experimental	 studies	 the	 ischemic preconditioning has shown to have some benefit, 
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including when combined with delay procedures for pedicled and free flaps, however, it still 
has had limited translation into clinical practice. In experimental animal models 
preconditioning has been shown to be slightly more effective for the myocutaneous flap 
model when compared with the skin (fasciocutaneous) flap models, but in both flap types 




2.2.4 Alternative Preconditioning Techniques  
 
Multiple overlapping factors are recognized to contribute to the delay phenomenon to 
increase blood flow within tissue. This involves a combination of dilation of vessels, 
reorientation of choke vessels, the impact of ischemic preconditioning and promotion of 
neovascularization (20). Some factors that induce stress such as ischemia, heat, toxins, 
hypoxia and hypoglycaemia (138) may provide beneficial changes to the flap 
microcirculation. There have been a host of strategies for alternative non-invasive 
preconditioning include hyperbaric oxygen (139,140), Botulinum toxin injections (141), 
supra-physiological heat treatment (138,142), hypothermic preconditioning (143), 
Isoflurane exposure (144), pharmacological agents (116) and growth factors.(116) Tissue 
expansion has also been described to instigate changes in microvascular perfusion through 
the dilation of choke or linking vessels and reorientation of the microvasculature that is 
seen during vascular delay procedures. It represents a form of delay through surgical 
manipulation that may lead to localized ischemia and vessel hypertrophy. (20) Successions 
of diverse experimental protocols have been created but are not necessarily reproducible in 
the clinical setting. The disadvantages of surgical and ischemic preconditioning include the 
need for additional surgical procedures, time, anaesthesia and both are relatively invasive.  
There is a need for targeted protective measures, supported by scientific rigor, to “mimic” 
ischemic preconditioning which can enhance the safety and reliability of flap design, harvest 






2.2.5 Negative Pressure Therapy Pre-treatment to Augment Vascularity 
In the last 20 years topical negative pressure therapy, originally referred to as a sub-
atmospheric pressure technique, has revolutionized clinical practice for acute, chronic and 
complex wound management. (138)(139,140) As a basic concept, the atmosphere at sea 
level exerts a pressure of 760mmHg, and the application of a vacuum results in a lower 
value or sub-atmospheric pressure. Gauge pressure (measuring pressure differences) 
compares the pressure of a system with that to a reference (usually atmospheric pressure), 
and is reported with a negative value for vacuum systems.(141) Negative pressure wound 
therapy (NPWT) is now well established in clinical practice and can increase blood flow, 
reduce oedema and bacterial contamination, improve granulation and encourage the 
formation of more physiological blood vessels. (138,139,142–144) Foam-mediated external 
suction or external volume expansion, are alternative terms described in the literature to 
represent negative pressure therapy.  Despite the extensive research that has been carried 
out in basic science models and clinical practice, there is still a deficiency of large 
randomized controlled trial and a knowledge gap in the underlying biological mechanisms.  
Our current knowledge indicates that NPWT can improve vascularization in wound healing 
both within clinical studies and experimental animal models. The mechanisms of action in 
wound healing focus on blood flow changes and increased perfusion to the wound; fluid 
removal;(145) stimulation of cellular proliferation, and macrodeformations promoting 
wound size reduction and maintenance of wound homeostasis.(138) In wound healing 
models the application of NPWT has demonstrated increased capillary vessel calibre, 
capillary density and increased blood flow. (146,147)  
Angiogenesis is an intricate process involving the interaction of multiple genes expressed by 
a variety of cell types, which interact in a complex process.  Hypoxia is thought to pay a 
pivotal role as a regulator for the expression of Hypoxia Induced Factor (HIF) 1-alpha, and 
the physical interactions between cells and extracellular matrix and angiogenic factors 
including VEGF. (144,148–150) The inflammatory microenvironment is another important 
modulator of wound angiogenesis, with macrophages becoming an important source of 
growth factors and cytokines, including VEGF and other angiogenic factors. It has been 
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shown that static forces through external suction applied to skin in murine or rodent models 
can induce vascular modelling and promote angiogenesis through increased vessel density, 
epidermal proliferation and hyperplasia, and increased expression of hypoxia induction 
factor alpha (HIF-1alpha) and related angiogenic factors such as vascular endothelial growth 
factor (VEGF). (143,147,151) VEGF and its receptor VEGFR2 are considered essential in 
normal blood vessel development and angiogenesis, which can be influenced by changes in 
the extracellular matrix microenvironment, cell shape and cell structures. (149) VEGF and its 
mediation of angiogenic activity is essential to wound repair. (152) CD-31 is a known marker 
in immunohistochemistry staining which can identify endothelium and allow for 
identification of vessels and an assessment of vessel density and morphology in histological 
sections. (144,151)  Cells are able to sense mechanical forces and may respond through the 
regulation of specific genes and different interaction pathways.(141) Microdeformational 
transductive forces can influence the microenvironment and stimulate transcriptional 
cellular mechanisms that controls angiogenesis, but these underlying mechanisms are still 
poorly understood.(149)  There is limited knowledge about the impact of negative pressure  
or external suction and the resultant microdeformational forces on neovascularization in 
wound healing (144), and the role in preconditioning has not been extensively explored.   
 
Although the role of NPWT in as a pre-treatment to improve flap survival was originally 
among a small series of experimental swine model studies described by Morykwas	(1997),	
there	is	limited	further	evaluation	of	its	role	to	augment	flap	vascularity,	and	these	have	
been	 primarily	 in	 small	 animal	 studies.	 (147,153,154)The	 potential	 however	 to	 treat	
compromised	 tissues	with	 a	modality	 such	 as	NPWT	 that	 can	 be	 applied	 to	 a	 limited	










2.2.6 Experimental Animal Flap Models 
Animal models for negative pressure therapy have been based on wound healing models in 
murine, rodent, rabbit and swine models. Flap models have been mainly based on random 
pattern flaps (155), such as the basic science foundations of the role of negative pressure in 
a swine model by Morykwas et al (1997). (156) Perforator flap models in rodent animal 
experiments have focused primarily on abdominal based flaps. (157–160) A few alternative 
perforator flap models in rodents have been described in the posterior thigh (161), medial 
thigh (162), and other small potential perforator flaps.(163) Dorsally based flaps have been 
examined through animal studies of dorsal skin perforator flaps, which have identified three 
principle perforators: a posterior intercostal artery, lateral intercostal and iliolumbar artery 
which usually is a branch from the deep circumflex iliac artery. (163–167) The extended 
vascular territories of the deep circumflex iliac artery which gives off the iliolumbar artery 
perforator has been examined to look at the extent of its vascular territory in a rat 













3.1 Evaluation of the microcirculation anatomy and flap physiology of the deep inferior 
epigastric artery perforator flaps in bilateral breast reconstruction   
 
The overall aims in the first section of my PhD research were: 
1. Evaluate anatomical microvasculature and predicted perfusion territories of individual 
perforators in hemi-abdominal DIEP flaps.  
2. Correlate dynamic perfusion of specific perforators to the underlying microvascular 




3.1.1 Anatomical Cadaveric Study of the Perfusion Territories (Perforasomes) of DIEA 
perforators in the Hemi-Abdomen  
 
 
The first aim was to assess characteristics of DIEA arterial perforators and the 
microvasculature on perfusion territory areas and patterns of perfusion within the 
integument of hemi-abdominal flaps.  
  
The hypotheses were: 
1. DIEA perforator location and size will influence overall perfusion area of a hemi-abdomen, 
regardless of perforator origin (medial versus lateral row).  
2. The presence of linking vessels between perforators and adjacent territories will influence 
the resultant overall perfusion territory of the flap  
3. Dynamic computed tomographic angiography (4D CTA) methods can be applied to 
characterize the presence and relevance of dominant linking vessels in the hemi-abdominal 
DIEP integument and demonstrate how dynamic perfusion patterns may influence overall 










3.1.1.1 Preliminary Cadaveric Studies 
To develop the dissection and injection techniques, preliminary work was completed  to 
inform protocol development.  A study of Profunda Artery Perforator (PAP) flaps and 
Superficial Femoral Artery Perforator (SFAP) flaps of the lower limb helped to develop and 
refine skills in flap harvest, preparation and injection for CTA.  
Specific skills that were developed included: careful dissection of the perforator and pedicle 
with medium and small ligatures to prevent leaks from injection; cannulation with 4.5x 
loupe magnification of 0.7-2mm perforating vessels using micro-instruments; careful 
flushing of the flap with heparinized saline; methylene blue injection (3ml) to identify leaks 
which can be sealed with diathermy or ligatures, and careful preparation and optimization 
of the flap for vascular injection with Omnipaque 240 ®. Vascular injection techniques that 
were originally trialled included: 
• Slow individual freehand injection of 3ml of contrast.
• Injection with Harvard pump apparatus at slow infusion rate (0.5ml/min, 1ml/min,
2ml/min).
• Injection with Harvard pump with pressure monitoring using an arterial line system
and transducer) and assessment of imaging following each injection at 30, 40, 60, 80
and 100mmHg to evaluate the impact of pressure as a confounder to the
intravascular injection. This step was critical in optimization of the injection protocol.
• Development and refinement of a 4D protocol using varying diameter tubing to
simulate the flap injection. A shuttle mode protocol was utilized for image capture
during the injection at a rate of 3ml/min.
Further refinements of the 4D imaging protocol were then performed. Injections at different 
rates and image sampling intervals were compared for image resolution and feasibility of 
the protocol. In a pilot study using 3 hemi-DIEP flaps were assessed using 1) injection at 
0.5ml/min, sampled every 5 seconds for 1 min; 2) injection at 1ml/min sampled every 2.5 
seconds for 1 minute, and 3) injection at 0.5ml/min sampled every 15 seconds for a 
duration of 90 seconds.  
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Figure 3.1: Set up of Harvard pump and tubing (large, intermediate and small diameters) to 
simulate trials for development of initial 4D injection protocol                                                                                    
 
 
The quality and results of the imaging techniques were reviewed. Based on previous 
experience of the clinical supervisor and confirmed with this preliminary work, it was 
decided that a slow injection of 3 ml of iodinated contrast injected slowly over 90 seconds, 
produced high quality imaging with no additional resultant extravasation or vessel damage. 
For adequate injection and contrast intensity, a mixture of 1:1 Omnipaque 240 ® was used 
with normal heparinized saline, warmed to 38 Celsius prior to injection. Fresh specimens 
and fresh frozen specimens which were not frozen for a long period of time provided the 
best quality in terms of imaging of the vessel architecture.  
 
This preliminary work and studies of the SFAP, PAP and lower extremity flaps provided 
initial technique and development of protocols used in cadaveric imaging studies of 
perforator anatomy and subsequently published. (168,169) A sample of 10-11 cadavers was 
considered adequate for the anatomical study based on previous published data of 
individual arterial perforasomes of DIEA vessels. These studies use the entire lower 
abdominal skin as a single flap, but the inclusion of multiple perforator injections simulated  
20-48 DIEP flaps. (26–28,170,171) A sample size of at least 10 female fresh torsos would 
provide 20 hemi-abdominal flaps for assessment and potential for a much higher number of 
simulated DIEP flaps through injection studies.  
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3.1.1.2 Deep Inferior Epigastric Artery Perforator Cadaveric Study 
 
 
A total of 22 hemi-abdominal flaps were used in the study of arterial perforators from fresh 
human cadavers acquired through the Mayo Clinic Whole Body Donor Program. The 
anatomical study was performed at the department of Anatomy, Mayo Clinic, Rochester MN 
and received approval by the Bio-Specimens Committee. All imaging was performed in the 





 Standardized markings were drawn on each torso using a pre-designed template. Markings 
were drawn to highlight the midline, umbilicus, superior border of the pubic bone, ASIS, 
mid-axillary line, subchondral margin and the xiphoid process. These markings represent the 
borders of the hemi-abdominal flaps that were harvested. This flap design was selected to 
better evaluate the extent of perforator vascular territories in relation to the entire anterior 
abdominal wall and better capture the territories of the DCIA and SIEA more consistently.  
Measurements were taken for each torso: xiphoid process to midpoint of umbilicus; xiphoid 
process to superior border of pubic; mid-axillary to contralateral mid-axially line at the level 
of the umbilicus, and mid-axial line to midline. These represented the reference lines used 
in measurements of the perforator and their location within each hemi-abdominal flap.   
 
An inferior incision was made and dissection and recording of the size, pattern of branching 
of the superficial inferior epigastric vein, including the presence of a medial venous branch, 
was documented and then subsequently ligated. The superficial inferior epigastric artery 
was ligated. The inferior incision was carried out laterally past the mid-axial line. A midline 
incision was made followed by the superior incision of the abdominal flap that was made 
down to the muscle. Dissection was carried out under x4.5 loupe magnification. The 
dissection was commenced from the superior portion of the abdominal flap in an inferior 
dissection. All perforators greater than 0.5mm in size were measured using digital fine 
callipers (Mitutoyo®, Mitutoyo American Corp., Illinois), marked on the skin flap with ink 
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and electrocautery to reference where the perforators entered the flap. Their diameter was 
measured using electronic callipers. Perforators were numbered and mapped onto the 
template simultaneously for accurate record keeping. Dissection was continued to the level 
of the umbilicus. The lateral dissection (lateral to the rectus abdominis muscle) was 
continued through the superior incision as this area is deficient in perforators. Dissection 
then proceeded through the inferior incision in a superior direction.  
Figure 3.2: Anatomical dissection outline for flap harvest on a fresh female cadaveric 
specimen (left); Hemi-abdominal flap raised with perforators marked on skin and the 
dominant perforators dissected for subsequent cannulation, red arrow (centre) and hemi-
abdominal flap with perforators mapped (right). 
The largest dominant perforators from the medial and lateral row that would be suitable for 
hemi-DIEP flap harvest were then assessed and selected. The flap was released medially and 
the selected perforators were then meticulously dissected out through an initial fascial 
incision and their course was followed to the deep inferior epigastric source vessel. All side 
branches along the vascular pedicle of each perforator were ligated. A suitable length of the 
pedicle was then harvested to assist with subsequent cannulation of the perforator. Flap 
dissection then continued laterally towards the mid-axillary line. Identification of additional 
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perforators through the external oblique arising from the deep circumflex iliac artery (DCIA) 
were then documented. If a suitable perforator was found, the perforator was dissected for 
additional cannulation to compare the overlap of the vascular territory with the DIEA 
perforators. If no suitable DCIA perforator was identified the flap was incised at the mid-
axillary line. If a DCIA perforator was identified for cannulation, the flap was extended 
posteriorly for 10cm or the posterior midline, depending on the size of the torso.   
The selected perforators from each flap were recorded on the template.  Measurements 
were carried out to map all the arterial perforators on each hemi-abdominal flap.  The 
selected perforators were cannulated with 24-gauge intravenous catheters (BD InsyteTM, 
Becton Dickinson, Franklin 95 Lakes, NJ) for Computed Tomographic Angiography (CTA) 
evaluation. The remaining perforators were sealed with metal vessel clips (HorizonTM 
Teleflex, Wayne, PA) or electrocautery. The flaps were injected with dilute heparinized 
(10U/ml) methylene blue to enable remaining vascular leaks to be identified and sealed 
with diathermy or clip ligation. This provided an estimate and correlated with the final 
volume of contrast volume that would be used for CTA evaluation. 
 
 
3.1.1.3 Three-dimensional Computed Tomographic Angiography (3D-CTA) 
 
 
At first, initial scout scanning was performed to obtain baseline images. To maintain the 
shape and orientation of the flap during repeated scanning, the outer margin of the flap was 
marked on the disposable base-board. A 50:50 mixture of 0.9% Normal Saline and iodinated 
contrast medium (OmnipaqueTM 240, GE Healthcare, Little Chalfont, UK) was injected into 
the chosen perforator and the flap was scanned. The iodinated contrast medium mixture 
had a calculated osmolality of 350 mOsm/kg water (approximately 1.2 times that of normal 
body fluid) and heated to 37°C to reduce the viscosity and improve vascular filling. A volume 
of 3 ml injected using a Harvard pump system (Harvard Apparatus, MA) at a rate of 
1.66ml/minute to achieve optimal filling of the vascular territory of each perforator. Next, 
36 ml of warm saline (37°C) containing heparin (10 U/ml) was infused into the same 
perforator to flush the iodinated contrast medium out of the flap, and the flap was re-
scanned to verify the absence of iodinated contrast medium. The same process was 
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repeated for the next perforator. The 3D-CTA Images were generated using a dual-source CT 
system (127 SOMATOM® Definition FLASH, Siemens Healthcare, Forchheim, Germany). 
Given the high HU value within the iodinated vessels surrounded by low HU value of the fat 
and dermis, single-energy Dual- source scanning was performed using an ultra-high 
resolution technique typically used for temporal bone and joint imaging. This technique 
entails a tube potential of 120 kV, detector collimation of 16 x 0.3 mm, and scan FOV of 30 
cm. The highest allowable tube current was used to maximize image quality. Axial images 
were reconstructed at 0.4 mm thickness and 0.4 mm increments using a very sharp kernel 
to preserve small details. Iterative reconstruction (SAFIRETM, Siemens Healthcare, 




 Figure 3.3: Preparation of hemi-abdominal flap for CT scanning (left) and example of 
injection of a medial row perforator and mapping of perforator territory within the hemi-






Figure 3.4: 3D CTA reconstruction of individual perforator territories and comparison of 





3.1.1.4 Four-dimensional Computed Tomographic Angiography (4D-CTA) 
 
Although flap injections were carried out with previously established protocol, we 
subsequently were able to apply an evaluation of contrast injection over time using the 
developed protocol from the preliminary studies. CT scanning of the flaps was performed 
using both a 4D and high-resolution protocol. For 4D scanning, the flap was placed in the 
gantry and upon initiating the infusion of the contrast agent, the scanner began continuous 
imaging of the flap in “shuttle” mode. This entails irradiating the flap while the table moved 
in and out of the gantry a distance of 28.4 cm every 2.5 seconds for a total scan time of 
approximately 90 seconds, resulting in 35 total scans. The kV was set to 100, the mAs was 
set to 150, and the detector collimation was set to 32 x 1.2 mm. Images were reconstructed 
using a slice thickness and increment of 1.5 mm using a medium/sharp kernel. Since these 
data were time resolved, the total image volume over time was imported into post 
processing software (InSpace, Siemens) and movies depicting the perfusion of the contrast 
media into the flap were generated. This imaging protocol was done twice per flap during 
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the injection of the first 2ml of contrast. A final scan was performed as described above to 
obtain the final overall dynamic territory with the full volume of contrast.  
 
 
3.1.1.5 CTA Analysis 
 
All images were processed using software capable of both 3D rendering and volume 
calculation designed for 3D rendering (syngo® 133 MultiModality Workplace, Siemens 
Healthcare, Forchheim, Germany). Maximum intensity projection images were generated in 
the coronal plane. A freehand area tool was used to measure the total flap area and 
perfused areas and an independent reviewer was provided the assessment and 
measurements of each injection (GM)1. The perfused area was estimated by outlining the 
vascular structures that contained iodinated contrast medium, using the baseline images 
and recently flushed images as a reference. For consistency, the window level and 
magnification settings between perfused and reference images were linked during each 
measurement. 3D images were also generated using a volume rendering technique. 
Perfused volume was determined by drawing a volume of interest around the entire flap 
and setting a segmentation threshold of 100 HU. Any voxels above this value were summed 
to produce the total volume perfused. Injection and total flap areas and volumes were 
recorded and compared. Measurements for this part of the analysis were calculated by an 
independent experienced reviewed (GM)1 using a previously developed protocol through 
our preliminary studies. (168,169) 
 
Thickness of the flap at the level of the umbilicus, number of perforators and location in 
reference to surface anatomy were recorded to map all perforators greater than 0.5mm in 
the hemi-abdomen. The largest perforators were selected and prepared for injection, and 
when possible, multiple perforators were cannulated. This allowed simulation of multiple 
hemi-DIEP flaps. Following the injection studies and post processing of the CT imaging, the 
total area and volume of the vascular territory was outlined and compared to the total flap 
area. When more than one perforator was injected within the same hemi-abdominal flap, 
the percentage overall was recorded.  
                                                        
1 GM= Gregory J Michalak 
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The percentage of cephalad extent and the caudal extend of the perforator territory 
towards the pubis was calculated from the perforator along this longitudinal axis of the 
hemi-abdominal flap. The relative extent of lateral perfusion was also compared along a 
horizontal axis from the midline towards the anterior superior iliac spine (ASIS). In addition 
to measurement of the flap perfusion territories and perforator mapping, 3D 
reconstructions were further assessed qualitatively using the 3D rendering (Syngo® 
Multimodality Workplace, Siemens Healthcare, Forcheim, Germany). Principle pattern and 
axiality of the vascular distribution was then documented from each perforator (medial, 
lateral, superior, or radial). The perforasome distribution laterally was assessed separately, 
and in particular, the capture of a dominant laterally orientated linking vessel was 
documented (yes/no) and whether there was capture of the superficial SIEA vascular 
territory (yes/no). On examination of the microvascular territory, the presence of direct 
linking vessels from the injected perforator and between perforators of the same row (intra-
row) and perforators of adjacent row (inter-row) (yes/no) were documented. Finally, it was 
noted whether there was a dominant linking vessel and flow into to the superficial SIEA 





3.1.2 Clinical Study to Evaluate the Anatomy and Dynamic DIEA Perfusion Territories 
(Perforasomes) of Hemi-DIEP Flaps in Breast reconstruction 
 
The aim of this study was to characterize the dynamic perfusion territories (perforasomes) 
of an individual perforator and then correlate dynamic perfusion of specific perforators to 
the underlying microvascular anatomy in hemi-DIEP flaps in-vivo.  
 
The hypotheses were: 
1. The use of LA-ICG-FA can be used to characterize the dynamic perforasome of 
dominant perforators used in hemi-DIEP flaps for breast reconstruction 
2. DIEA perforator row does not influence overall perfusion area of a hemi-abdominal 
DIEP flap 
3. The dynamic perforasome on LA-ICG-FA can be characterized by underlying 
microvascular anatomy based on perforator course, perforator location, linking 
vessels and branching patterns within the different layers of the integument, and 
presence of dominant linking vessels as seen on preoperative CTA imaging.  
4. The patterns of the dynamic perforasome can determine overall perfusion areas 
within hemi-DIEP flaps in breast reconstruction  
 
 
3.1.2.1 Patient Population 
 
A prospective review was conducted of consecutive women who underwent bilateral breast 
reconstruction following mastectomy with DIEP or MS-TRAM flaps between January 2014 
and June 2016 performed by a single surgeon (M.S-C)2 at the Mayo Clinic, Rochester, MN. 
The study received approval by the Institutional Review Board, (IRB #14-003174). Patient 
characteristics, operative details of flap characteristics, selected perforator size and 
correlation with preoperative CT, flap weight, intraoperative findings and complications 
were abstracted from the electronic medical record. Preoperative Computed Tomographic 
Angiography (CTA) imaging that was performed using a dedicated institutional DIEP protocol 
was reviewed to identify dominant perforators and correlation with intraoperative findings. 
                                                        
2 M.S-C = Michel Saint-Cyr  
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Following dissection of the selected perforator and the pedicle for the flap, the flaps are 
routinely left in-situ for at least ten minutes and allow for better assessment of any areas of 
concern regarding perfusion, which is performed clinically and with the use of 
intraoperative imaging techniques. We developed a protocol for routine assessment of 
individual flaps prior to free tissue transfer. Therefore, perfusion was assessed on a single 
perforator, using Laser-Assisted Indocyanine Green Fluorescence Angiography (LA-ICGFA) 
using the SPY Elite® system (Novadaq Technologies Inc.) and based on an intraoperative 
protocol for image capture. Intraoperative hemodynamic parameters at the time of imaging 
and concentration of ICG injected were recorded.  
 
Exclusion criteria included women who underwent unilateral DIEP reconstruction, 
transverse rectus abdominis myocutaneous flaps (TRAM), those who did not have prior CTA 
imaging and women who did not have adequate LA-ICGFA imaging once reviewed for 





3.1.2.2 Analysis of Pre-operative Computed Tomographic Angiography 
 
Preoperative CTA was reviewed to assess the location of dominant perforator in each hemi-
abdomen from the DIEA, its origin from the medial or lateral row, its anatomical course and 
the branching pattern of the DIEA. This information was correlated with the imaging report 
performed by an independent expert consultant radiologist. Further detailed analysis of the 
vasculature was then performed using reconstructed maximum intensity projection (MIP) 
reconstructions and 3D rendering using TeraRecon® imaging software (TeraRecon Inc, 
California).  
 
Subsequent detailed analysis of the CTA images was based on the perforator selected for 
DIEP flap harvest. Abdominal thickness in millimetres was recorded at the level of the 
umbilicus. Maximum Intensity Projection images were reconstructed to optimize evaluation 
                                                        
3 CC= Cheng Chen 
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of perforator course and course of communicating vessels in the coronal, axial and sagittal 
planes. Details recorded included the type of branching pattern of the DIEA, level this 
branching occurred and the dominant row; the external diameter of the dominant 
perforator; size and location of the dominant perforator, and length intramuscular course. 
The origin of the dominant perforator from the medial or lateral row was recorded. The 
perforator row was classified as medial, lateral or paraumbilical. The number of perforators 
within each hemi-abdomen and the presence of a single dominant perforator in the hemi-
abdomen (yes/no) were recorded. These types of assessments have been previously 
described in the literature and provide a standard description of the DIEA vascular pedicle 
and the anatomical course of the perforator.  
 
To perform more detailed analysis of the perforator and microvascular anatomy there is a 
lack of standardized methodology or approaches in the literature. Previous research by Prof 
M. Saint-Cyr characterized the microvasculature in cadaveric models using high resolution 
imaging, with recognition for the importance of direct or indirect linking vessels between 
perforator, and the contribution of the dermal plexus,  to the perfusion of the flap. 
(19,26,39,58,65) To date there is no consensus to further classify the branching patterns at 
the level of the perforator, therefore it was necessary to establish a new series of qualitative 
and semi-quantitative measurements to analyse the microvasculature of the perforator and 
its branching patterns.  The analysis was developed after initial review of 10 patient 
abdominal CTAs, following the perforator along its course, and reviewing microvasculature 
contributions to the dermal plexus in addition to any dominant linking vessels in the 
integument. Patterns observed were documented and when applicable, semi-quantitative 
classifications were created. The system designed for the proposed approach for the 
analysis was reviewed with a senior Consultant Radiologist, together with CT scans to 
determine if the methodology was appropriate.  This is notable limitation in this study, as 
the methodology has not been validated, yet it provided an initial schema for evaluation or 
the microvasculature using patient CT scans that would need further studies for validation 
for a novel classification system. This study, however, will provide the initial data to inform 
further development, reproducibility and validation for this new classification of the DIEA 
microvasculature  
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The degree of branching of the perforator from the either the lateral or medial row of the 
DIEA was then recorded: perforators were seen to follow a “direct” course with none to 
minimal branches to the rectus muscle and fat towards the subdermis; perforators with an 
“indirect” course had multiple branches to the rectus muscle, and fat before reaching the 
subdermal plexus. The angle of the perforator exiting the anterior rectus fascia was 
assessed based on its orientation through the integument towards the subdermal plexus 
(direct=0-45 degrees or oblique=45-90 degrees). The distance of the perforator course 
within the fat was also measured prior to arborisation and the main layer or arborisation of 
the perforator was recorded (subscarpa’s, suprascarpa’s, subdermal) were documented. 
The degree of branching in the subscarpa’s and suprascarpa’s layer was assessed semi-
quantitatively as none, minimal (1-2 larger calibre branches) or multiple (>2), around the 
dominant perforator.  
 
The microvasculature and contribution to the subdermal plexus was then analysed on axial 
and sagittal slices of the CT scan. These assessments were made through semi-quantitative 
or subjective assessment of the microvasculature, but reviewed with a Consultant 
Radiologist4 following review of a sample of reconstructed images. Specifically, the density 
of vertical communicating vessels from the dominant perforator to the subdermal plexus 
was categorised semi-quantitatively as minimal, moderate, or multiple. Characterization of 
the pattern of contribution to the subdermal plexus from the dominant perforator was then 
assessed subjectively according to patterns identified following review of coronal and 
sagittal MIP reconstructions. These patterns were variable but were classified as: presence 
of a direct dominant linking vessel from the perforator with small communicating branches 
to the subdermis; multiple fine communicating vessels from the perforator to the 
subdermis; a direct course of the perforator to the subdermis without additional branching; 
a direct course of the perforator to the subdermis in addition to the presence of a dominant 
direct linking vessel from perforator, and a combination of a direct course of the perforator 
to the subdermis with multiple additional fine communicating branches.  
 
                                                        
4 Dr. Robert Maxwell, Consultant Radiology, Department of Radiology, Mayo Clinic, 
Rochester.  
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The presence of a direct linking vessel (yes/no) in the subscarpa’s, suprascarpa’s or 
subdermal level from the dominant perforator. The presence of linking vessels to the SIEA 
territory was then evaluated and the principle layer this occurred was documented (yes/no), 
or whether direct communicating branches were present. Direct linking vessels towards the 
DCIA lateral territory was also assessed (yes/no) and layer in which these linking vessels 
course were also documented.  These assessments were performed initially using coronal 
planes of the MIP reconstructions and characterized using all three planes.  Finally, the 
presence of a direct linking vessel between the dominant perforator in the flap to an 
adjacent inter-row or intra-row perforator was documented (yes/no). The layer in which 
these large direct linking vessels course was then reported. Examples of CTA image slices 
from MIP reconstructions to evaluate the microvasculature of the lower abdomen shown in 





Figure 3.5: Example of an axial image of Maximum Intensity Projection reconstruction in a 
patient following contrast CTA. Marker set at level of umbilicus in the midline. Scarpa’s 
fascia can be identified and traced (orange arrow) and dominant traversing inking vessel in 







Figure 3.6: Example of an axial image of Maximum Intensity Projection reconstruction in a 
patient following contrast CTA. Marker set at level of umbilicus in the midline. Degree and 
layer of arborisation assessed through multi-plane views and type of pattern of contribution 
to supply the subdermal plexus characterized. Multiple branching at the layer of the fascia 







Figure 3.7: Example of scoring used for branching of perforator in the subscarpa’s layer 
shown in an axial slice image in a patient following contrast CTA: 1=none, 2=minimal (1-2 





Score 1 Score 2 Score 3 
 77 
Figure 3.8: Two examples of a sagittal slice images of Maximum Intensity Projection 
reconstruction in a patient following contrast CTA. Marker set at level of umbilicus and 
direct linking vessel could be traced to the SIEA (blue arrow), and contributions to the 
subdermal plexus can be visualised from the dominant perforator (red arrows).  
 
 
Figure 3.9: Example of a axial slice image of Maximum Intensity Projection reconstruction in 
a patient following contrast CTA, illustrating a lateral linking vessel in the suprascarpa’s layer 
(blue arrow) and additional linking vessel in the subdermis could be traced directly to DCIA 





3.1.2.3 Analysis of Laser-Assisted Indocyanine Green Fluorescence Angiography  
 
Following perforator dissection flaps were assessed for perfusion using Laser-Assisted 
Indocyanine Green Fluorescence Angiography (LA-ICGFA) using the SPY® Elite system 
(Novadaq Technologies Inc). The camera was set up centred over the hemi-DIEP flap with a 
maximum field of view (FOV) of 25 x 25cm., with the camera parallel to the flap surface. 
Images were orientated in a standardized fashion with the upper screen representing the 
cephalad border, and the inferior portion of the screen correlating with the caudal border of 
the flap. 5ml of indocyanine green (ICG) was injected through a peripheral intravenous 
catheter followed by a saline flush. Image capture was commenced following the injection 
and continued to the maximum length of recording time, 180 seconds, to capture the initial 
inflow of dye (ingress), the plateau phase, and beginning of outflow (egress) phase. The 
location of the perforator was marked on the flap at the start of the image capture for 
reference for the final analysis.  
 
A protocol was developed in collaboration with Drs C Chen and TB Ferguson (see 
acknowledgements) and using SPY-Qc beta software that they developed designed 
specifically for the SPY® Elite system. Drs Chen and Ferguson developed the original 
software that most surgeons are familiar, the SPY-Q analysis program, that is available on 
the device. Attempts of analysis using LAICGFA with this device has been previously 
performed with random selection of points within the flap and zone, but these values can 
change depending on the timing the measurement was taken, or area that is limited in 
shape to a simple rectangle. The use of multiple arbitrary points throughout the flap was 
considered, however, previous published data typically would still divide the flap into 
traditional DIEP zones and average these points within each zone. Other options included 
using a series of values along two principle axes, medial to lateral and cephalad to caudal, to 
evaluate changes along them. Both the previously described methodology are limited by 
bias in selection of the placement of markers to extrapolate data, and that with the current 
proprietary software, these measurements can only be performed at a single time point, 
therefore can impact the overall result depending on timing of the angiographic phase used.  
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Based on the literature and direct peer to peer consultation with multiple experts who 
published their initial experience in the USA with the device, there is no recognised 
standardization for using this software to evaluate whole flap dynamics. Surgeons 
commonly use the video image alone to assess areas of ischemia, or refer to the absolute or 
relative measurements using the analysis tool for areas of concern. Therefore, in 
collaboration with the software developers, we were able to use a more advanced program 
to try an establish a more comprehensive approach for this study. It is acknowledged that 
this is an early pilot of this analysis tool and would require further studies to validate our 
analysis protocol.  
 
Video images were reviewed to qualitatively assess perfusion into the flap, which represents 
the surgeon’s view that is captured intra-operatively and used for immediate assessment of 
overall perfusion in the flap, and identification of the areas of hypo-perfusion. A curve is 
reproduced during the recording that represents the detection of the ICG in the FOV, that 
provides information of rate of ingress into the flap, plateau and subsequent egress of the 
ICG that is visually represented on a graph over time (Figure 3.10).  
 
For quantitative analysis, a protocol was developed as a novel approach to evaluate flap 
perfusion dynamics within the flap. This analysis was completed by a blinded reviewer who 
developed the both the original and new software. The first step in the quantitative analysis 
was a quality assessment of the videos captured to permit the analysis. This improved with 
development of a prospective data collection protocol following flap harvest. The flap area 
was marked out freehand as the region of interest (ROI) for the analysis.  
 
Intensity and timing maps were created to provide qualitative and quantitative results to 
evaluate perfusion in the ROI, which was marked as the peripheral border of the hemi-DIEP 
flap. The software allowed analysis of concentration of dye captured throughout the flap 
region (intensity) and the rate at which dye was detected throughout the flap (timing). 
Contour maps were created for both intensity and timing modalities. Intensity maps, 
provided an average of the cumulated concentration of the ICG detected in every pixel of 
the image captured in the ROI (Figure 3.11) and can vary based on the amount of ICG 
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injected. This provided further supportive evidence on the role of using relative values, to 
allow comparison of quantitative analysis between patients. Timing maps, in contrast, 
provide a visual colour map of the average ingress (inflow) of ICG detected in the ROI (the 
hemi-DIEP) flap (Figure 3.12). Timing maps characterize the microcirculatory flow and are 
independent of the amount of ICG injected. The developers of the new proprietary 
software, in their experience, deemed that timing maps may better record and map 
perforators on the abdomen in comparison to traditional intensity maps. These visual colour 
maps record these values that are averaged over the arterial and microcirculatory 
angiographic phases (Figure 3.13). Evaluating the ROI as the whole flap afforded the ability 
to capture perfusion comprehensively, pixel by pixel over all three angiographic phases, 
instead of multiple arbitrary points in the flap at a single time point. An average rate of 
ingress or total contrast detected (intensity) was calculated for each pixel within the ROI. 
 
 
Figure 3.10: Three angiographic phases of perfusion captured using the SPY Elite® system 





The use of absolute values of ICG detected, or relative values of ICG detected by selecting 
the 100% reference value, could have been used for the basis of the final quantitative 
analysis. It was determined on development of the protocol, that relative perfusion values 
of ICG detected would be the most reliable for comparative analysis between different 
patients. The absolute values of ICG detected on the SPY® Elite System camera can be 
influenced by multiple patient factors and physiological parameters, including haemoglobin 
concentration, heart rate, blood pressure, and patient BMI. Use of relative values would 
evaluate areas of perfusion within the hemi-DIEP flap and therefore allow better 
comparison between patients. Measurements were recorded using the dominant perforator 
harvested as the 100% reference point. The location of the perforator on the flap surface, 
that was indicated by the surgeon on the video, was used as the 100% reference value and 
to represent the point of maximal perfusion into the flap (for example within a traditional 
Hartrampf zone I).  Since each patient and flap dimensions could not be measured, we 
calculated areas relative to the total flap area (ROI). Using the 100% reference point as the 
maximal threshold at the site of the single dominant perforator selected for flap harvest, 
the perfusion of the flap was then evaluated.  
 
Prior to finalization of the protocol for analysis, preliminary assessments and trials for 
analysis were performed and discussed sequentially. This provided an iterative approach to 
these new methods of assessment.  Flap perfusion was assessed qualitatively to evaluate 
general patterns of perfusion on intensity and timing maps, which were generated from 
average values of each pixel within the ROI. Next, three perfusion thresholds of decreasing 
value (75%, 50% and 25%), all relative to the 100% reference point, were used to semi-
quantitatively assess the magnitude of the perfusion within the flap and created “contour” 
maps at for each threshold: thus, the areas of the flap at each threshold value and greater 
were documented. For example, the area of the flap representing perfusion thresholds of 
75% and above, in either the intensity or timing map, would indicate how much of the flap 
had strong degree of perfusion (to the skin and superficial layers), and that may be 
representative of e.g. zone I type perfusion. Relative values below 20% are considered areas 
of poor perfusion, and would be expected values in DIEP zone IV perfusion, and areas of 
concern that would have typically been resected. The approach of using the three intervals 
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was thought to provide a good depiction of trends in perfusion changes with respect to the 
perforator location, and the lower value is close to the 20% value which is used as a clinical 
reference. It is acknowledged that this technique has not been validated as new proprietary 
software tools was used for analysis and assumptions were made on use of the selected 
threshold values, but it provided a novel and systematic approach to evaluate zones of 
perfusion from a new perspective.    
 
Timing maps represented the rate of ingress and egress within the flap that correlated with 
the angiographic phases during LA-ICGFA previously described. For both timing and intensity 
maps, values within every pixel across the region of interest (ROI) and value were taken 
collected over the arterial and microvascular phases therefore an average trend could be 
calculated along both cephalad-caudal and horizontal axes over time.  Using timing maps, 
average perfusion gradients were calculated in the cephalad-caudal axis and the medial-
lateral axis across each flap, and were illustrated graphically. The area of under curves 
created for the perfusion gradients was representative of the area of the entire flap (ROI). 
The degree of cephalad-caudal and medial-lateral perfusion was evaluated based on the 
area under the curve that represented threshold values of 75% and above.  This provided a 
level of comparison along both axes for the most intense perfusion within the flap relative 
to the perforators.   
 
Figure 3.11: Graphic illustration of software calculation and capture of total concentration 
(intensity) of indocyanine green injected detected over total time of the recording pixel by 
pixel over the entire Region of Interest (ROI) or flap area to create intensity maps. 
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Figure 3.12: Graphic illustration of software calculation and capture of rate of inflow 
(ingress of indocyanine green detected over total time, pixel by pixel, over the entire Region 




Figure 3.13: Example of LA-ICGFA cumulative perfusion mapping during image capture with 
SPY Elite® of a hemi-DIEP flap based on a single dominant perforator and graphs of cranio-
caudal and medial to lateral perfusion on timing maps (left) and intensity perfusion maps 
(right).  
 
SPY Qc: Timing Perfusion Map of Left Hemi-DIEP SPY Qc: Perfusion Intensity Map of Left Hemi-
DIEP 
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In addition to the independent analysis of preoperative CTA and LA-ICGFA, a qualitative 
analysis was performed to characterize the patterns of the in-vivo “dynamic” perforasome. 
Finally, a comparison of the CTA analysis and LA-ICGFA quantitative and qualitative findings 




3.1.2.4 Statistical Analysis 
 
Descriptive and summary statistics were calculated for the independent variables which 
included cadaver and patient demographics. Quantitative variables were summarized with 
median and interquartile range (IQR), or proportions and frequencies as appropriate for 
categorical variables. All values of the experimental data were reported as the median and 
interquartile range.  The differences in the dependent variables of perforator injection 
studies or dynamic perforasome assessment were calculated using non-parametric tests for 
continuous dependent variables (Mann-Whitney and Kruskal-Wallis Tests), and differences 
between categorical dependent variables were assessed using Chi-Squared or Fisher’s Exact 
Test when appropriate. All analyses were completed with an α-level significance of 0.05 
using JMP® Statistical Software Version 11.0 
 
There have been limited clinical studies that specifically review perforasomes and 
assessment of zonal perfusion in DIEP flaps in-vivo. Based on previous clinical studies of 
patients undergoing DIEP breast reconstruction to evaluate zonal perfusion zones using 
ICGFA, Laser Doppler and tissue oxygenation, a sample size of 16-20 flaps for our study was 





3.2 An Experimental Small Animal Model to Evaluate Topical Negative Pressure 
Pre-treatment and Implications on Flap Vascularity   
 
 
The aim of this study was to determine if negative pressure therapy (NPWT) pre-treatment 
can be used for perforator flap preconditioning and augment flap vascularity.  
 
The hypotheses were: 
1.  A perforator flap model can be developed in a rodent model for assessment of a flap 
viability and perfusion. 
2.  Flaps pre-treated with NPWT will demonstrate augmented perfusion on dynamic 
imaging studies using laser-assisted indocyanine green fluorescence angiography 
(LA-ICGFA) and dynamic computed tomographic angiography (4D-CTA), compared to 
control flaps.  
3. Flaps pre-treated with NPWT will demonstrate greater capillary recruitment, 
vasculogenesis, angiogenic growth factor release compared to control flaps.  
4. Flaps pre-treated with NPWT will demonstrate better clinical flap viability and lower 
degree of complications compared to control flaps.  
 
This study was approved and carried out in accordance to the guidelines of the Institutional 
Animal Care and Use Committee, Mayo Clinic, Rochester MN, United States (Protocol ID: 
A57312).   
 
 
3.2.1 Preliminary Work  
 
  
The goal for carrying out the preliminary work was to review the literature and examine the 
perforator anatomy of the rat to develop an appropriate perforator flap model suitable for 
this study.  
 
Five 200g Sprague Dawley rats were used in a cadaveric pilot study to identify an 
appropriate perforator flap model to permit the design of a control and intervention flap 
 86 
model.  Posterior thigh perforators were considered too small and the caudal location 
through the biceps femoris muscle would be more difficult to maintain a reliable seal in the 
application of the VAC dressing. The iliolumbar perforator arising from the DCIA vessels 
appear at the cephalad edge of the gluteus muscle. The vessel arose 1.5-2cm from the 
midline and coursed perpendicular to supply the skin and arborized on reaching the dermal 
layer with a consistent large axial vessel running in the territory over the gluteus maximus 
muscle.  
 
The pedicle was surrounded and protected by a layer of fatty issue and lymph nodes. These 
vessels were easily identified and would permit the design of two small perforator flaps with 
a control and intervention side per rat, and allow for easier application of VAC dressing. 
Perforator calibre, location and size of the surrounding tissues made this gluteal area was 
preferable to a more proximally located perforator, and allowed at least a minimum of a 2-
3cm distance between the medial edges of the control and intervention flaps in 400g rats.  
The planned flap was designed at 3x2 cm and was raised on one 400g male rat in the 
microsurgery lab to test the flap procedure. 
 
 
Figure 3.14: Cadaveric dissection of the dorsal rat 
skin to identify perforators; Cranial Deep 
Circumflex Iliac Artery (DCIA) perforators arose 
next to the gluteal maximus (GM) muscle. The 
caudal biceps femoris (BF) perforators were also 
consistent but located to caudal to provide a 











Figure 3.15: Planned gluteal perforator flap 
design based on the DCIA vessels following hair 
removal. Two flaps representing the control 
(rat’s left side) and intervention flap (rat’s right 










3.2.2 Experimental animals 
 
A total of 23 Sprague Dawley male rats (Charles River Laboratories, Wilmington, MA, USA) 
weighing 350-400g were used for this study. All animals were obtained and housed in an 
approved animal care facility. All rats were kept in a single housing following application of 
VAC dressing. Three of these rats were used as part of the pilot studies described below. 
Sixteen rats were used in the main study. An additional four rats were added to the study 
following some loss of data acquisition.  
 
3.2.3 Pilot studies 
 
The goals of the pilot study were: 
• Identify suitable method to protect topical negative pressure wound therapy VAC® 
dressing 
• Develop a standard operating procedure and determine the optimum dose for 
Indocyanine Green (ICG) for laser-assisted ICG fluorescence angiography (LA-ICGFA) 
to acquire suitable imaging with the SPY ® Elite System (Novadaq Technologies, 
Florida, USA) 
• Trial a new Computed Tomographic Angiography protocol and Micro CT trial 
injections to develop standard operating procedures. 
Control VAC 
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Application of VAC®  
Three rats were used in the initial pilot studies to determine approaches to secure the 
application of the VAC dressing, optimizing the protection of the dressing and ensuring that 
the animal was not hindered in movement and could easily access food and water post 
procedure.  In two rats the VAC dressing was applied for 3 days. The biggest limitations that 
were initially faced included 1) the protection of the VAC system, 2) maintenance of the seal 
to ensure uninterrupted therapy, and 3) establishing intravenous (IV) access for injection 
studies which is low morbidity and to avoid open exposure of vessels. In two pilot rats, 
before the application of a VAC dressing, different rat jackets, modified jackets and 
dressings were trialled to identify which option would be the most appropriate to maintain 
mobility and provide protection of the dressing. The resultant dressings used are described 
in Animal Procedures and was successfully applied to the third pilot rat for a total of 5 days 
without loss of negative pressure seal.  
 
 
Standard Operating procedure Indocyanine Green and optimization of Imaging Protocols 
One rat was used to ascertain the optimum dose of ICG to be administered for fluorescence 
laser-assisted angiography for dorsal skin perfusion assessment. This was carried out prior 
to application of the VAC dressing. The tail vein was originally chosen as the site for 
placement of a 24-gauge butterfly IV catheter, if unsuccessful a posterior thigh or medial 
thigh vein was chosen based on size.  Based on the literature, dosing regimens in rat models 
to assess perfusion, including random pattern skin flaps, ranged from 0.12-0.4mg for a 300-
400mg rat.  Using a preparation of ICG which was reconstituted to a concentration of 
2.5mg/ml, i.e. 0.25mg per 0.1ml, three test doses were carried out on a 300g rat pilot rat 
injection 0.05ml, 0.1ml and 0.15ml. Following each injection, a period of 10-15 minutes was 
allowed to lapse prior to the next injection and imaging was repeated prior to the 
subsequent injection to ensure no residual ICG was in the skin. Image capture was 
performed using the SPY Elite® system (Novadaq Technologies, Vancouver, Ca). A 0.1ml 
injection provided imaging which was not rapidly saturated upon injection and the chosen 
dose for our protocol.  
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Finally, one rat was used to test a 4D CTA protocol after three days of VAC therapy. Injection 
timing, dose and image capture using a newly developed CT protocol was designed in 
collaboration with the Biomedical Imaging Resource Group, Mayo Clinic. To our knowledge 
dynamic in-vivo perfusion of skin flaps over time has not been described in the literature for 
animal studies and the main hurdle faced in this pilot was establishing optimal imaging in a 
small animal model to allow assessment of the control and preconditioned skin flaps prior 
to flap harvest. On completion of this study the rat was euthanized with sodium 
phenobarbital and injected with MicroFil for Micro-CT assessment of the preconditioned 
and control tissues described in more detail in Animal Procedures.  
 
 
3.2.4 Overview of Experimental Methods  
 
In our initial approach sixteen 400-500g male Sprague Dawley rats were used for the main 
study, each rat acting as its own control with two dorsal potential skin flap areas designed 
over the gluteal region.  The preconditioned side was always selected on the right and the 
control tissue designed on the left gluteal region. An overview of the planned methods is 
shown in Figure 3.16. Topical negative pressure was applied for 5 days on the 
preconditioned skin flap side, after which the 16 rats were divided into two principle groups: 
Group A rats (n=8) who underwent flap surgery following 5 days of NPWT and then 7 days 
of observation, and group B rats (n=8) who underwent CTA assessment and euthanized. 
Repeat anaesthesia or prolonged inhalation anaesthesia was avoided due to a slight 
increase in anaesthesia related death postoperatively or intra-operatively, and logistical 
reasons to perform both procedures in same sitting: therefore, rats who underwent CTA 
assessment were not subject to flap surgery immediately afterwards.  
 
In the initial methodology, there was concern that flaps used in Micro-CT may produce 
inferior results if combined with IHC and histology, and this original plan is shown in Figure 
3.16. Within each group, flaps were assessed with Micro-CT to assess vessel density per flap 
(n= 4 rats per group). Histology and immunohistochemistry staining were sent immediately 
for (n=4 rats per group), but it was decided that the remaining flaps subsequently 
underwent histological processing after Micro-CT evaluation. Specimens assessed following 
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Micro-CT did not hinder histological or IHC processing, and therefore is a limitation of this 




Figure 3.16: Overview of methods to show animals, groups and outcome measures used at 














3.2.5 Animal Procedures  
 
 
For the application of the VAC dressing and for all flap surgeries rats were anaesthetized 
using 1.5% inhaled Isofluorane for induction and maintenance delivered through nose cone. 
Procedure time per animal was approximately 30 minutes. 
 
For assessment of perfusion of the skin flaps following 5 days of VAC application, rats were 
induced using 1.5% inhaled Isoflurane and a mixture of 0.75ml of ketamine (100mg/ml) and 
0.075ml of Xylazine (100mg/ml) for 1ml/kg per rat. This induction mixture equates to 40-
80mg/kg of ketamine plus 5-10mg/kg of Xylazine. Therefore, for a 400g rat a total of 0.4ml 
of the aforementioned mixture was given. This allows 45 minutes of anaesthesia with a 1 to 
2-hour recovery period. Maintenance was given using a mixture of ketamine 10-20mg/kg + 
1.25mg/kg of Xylazine, providing an additional 20-30 minutes of anaesthesia.  For 
application of the VAC dressing and surgery all rats were given Buprenorphine SR (slow 
release formulation) 0.05-0.1mg/kg administered subcutaneously every 12 hours for 24 
hours.   
 
 
Negative Pressure Wound Therapy V.A.C. system 
 
All rats were anaesthetised with inhaled isoflurane anaesthesia and this was maintained 
during the entire procedure, which took 30-45 minutes approximately. The dorsum, gluteal 
region up to the level of the scapulae of the rat was clipped and depilated (Nair®, Church & 
Dwight CO., Princeton NJ). The rats were cleaned with alcoholic prep followed by normal 
saline. The flaps were designed with the medial edge 1-1.5cm from the midline, and 
rectangular 3cm x 2cm, with the proximal edge of the flap starting 1cm cephalad to the 






Figure 3.17: Illustration of muscle anatomy and location of perforator vessel exiting 
proximal to the superficial gluteus and biceps femoris muscles and running in the caudal 
direction to be included in the flap design (black dotted square).  
 
Negative Pressure Wound Therapy (NPWT) is a method of applying topical negative 
pressure using a Vacuum Assisted Closure Therapy (VAC) device (Kinetic Concepts Inc., San 
Antonio, Texas) and has been used extensively in wound management and reconstructive 
surgery. In this study, the portable ActiVAC™ was used. The device consisted of a porous 
open-cell medical grade black polyurethane sponge VAC® Granufoam ™ (pore size 400-600 
microns), which was applied directly to a wound and then subsequently covered with an 
occlusive dressing (Figure 3.18). For this flap model, the sponge was applied over a non-
adherent silicone dressing Adaptic ® (Systagenix, San Antonio, Texas) that was cut to the 
size of the flap. This provided less irritation, and followed the same principle that is used in 
clinical practice. The foam dressing was cut to 3 x 2 cm in size and a thickness of 1cm. 
Double adhesive gel strips (KCI, San Antonio, Texas) were used to maintain seal, allow for 
better contour and protect the skin from the direct pull of the negative pressure. An 
occlusive dressing, Tegaderm ™ (3M Health Care, St. Paul, Minnesota) was placed over the 
control flap and over the sponge with adequate coverage that would provide an adequate 
seal. Benzoin adhesive spray (Allied Health Products, Inc) was used to assist in securing the 
Tegaderm dressings to the skin. A small hole was made directly over the sponge and the 
Sensa T.R.A.C ™ pad (KCI, San Antonio, Texas) was placed over this hole. This pad acted as a 
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tube that connects the sponge to a vacuum pump, which allowed sub-atmospheric pressure 
to be applied to the sponge (Figure 3.19).  The sponge had multiple pores sized between 
400-600 microns, which acted like small suction cups and helped provide uniform 
distribution of negative pressure at the site. The non-adherent dressing had a similar 
uniform pore size of 400 microns, therefore should not grossly impact the external suction 
and microdeformational forces on the intervention side.  
 
Tubing was protected using a long flexible coiled spring to allow movement and flexibility 
for the rat to walk around freely within its cage. Dressings were protected with a soft elastic 
adhesive tape over the gluteal region and waterproof adhesive tape over the rat’s thorax 
(Covidien, Mansfield MA). The rat was able to freely walk and eat. Aqua gel packs were 
placed inside the cage during the first 48 hours post procedure for hydration (Figure 3.20). 
The negative pressure was initially set at 75mmHg for the first 4 hours, then increased to 
100mmHg and up to 125mmHg at 8 hours post NPWT application. This allowed the animal 
time to acclimatise better and recover following the procedure, compared to direct 
application of 125mmHg, which was performed in two pilot rats.  The NPWT was continued 
for 5 days. Total hours of treatment were recorded for each rat using the VAC inbuilt 
treatment history log. Rats were monitored every 4 hours in first 8 hours and then three 
times daily for the duration of the VAC dressing. Animals were cared for by the Department 
of Comparative Medicine, and therefore any leaks or problems recognized by the staff were 
immediately reported for urgent attention. 
 
 
Figure 3.18:  Inhalation anaesthesia set up for induction and maintenance (left); materials 








Figure 3.19: Application of VAC Granufoam ™ sponge dressing (A); occlusive dressing 
applied and Sensa TRAC ™ pad applied (B); further Tegaderm ™ to accommodate rat’s 
movement and maintain seal and flexible spring coil placed to protect tubing (C), and 




Figure 3.20: Each animal was singly housed and closely monitored to ensure it could freely 







Laser-Assisted Indocyanine Green Fluorescence Angiography 
 
After 5-7 days of VAC therapy group A rats (n=8) are anaesthetized with inhaled isoflurane 
and the dressing is removed. The flap outlines are refreshed and an IV catheter is placed in 
the periphery. The perfusion of the tissue was assessed using indocyanine green laser 
assisted angiography using the SPY® Elite System (Novadaq Technologies, Florida, USA). 
Following anaesthesia, 0.1ml of 2.5mg/ml of indocyanine green was injected into the tail 
catheter. The near infrared light camera was placed over the gluteal region and the 
fluorescence of this region was displayed on a screen.  
 
Video capture of perfusion were created for the control and preconditioned side 
simultaneously for each rat. Imaging was acquired before (post VAC) and after flap harvest 
(post flap) and at 7 days post procedure prior to euthanasia. All the images were analysed 
using SPYQ software. 
 
 
Figure 3.21: Flap outlines and SPY imaging demonstrating perfusion during image 
acquisition for control on the rat’s left side and the preconditioned side on the rat’s right-







1. Under general anaesthesia, the skin of the gluteal region was shaved using clipper, 
washed with saline, and prepped with Iodine antiseptic solution. 
2. The rat is positioned prone. 
3. A line is drawn along the sulcus between the lower limb and gluteal region, starting 
adjacent to the posterior superior iliac spine (PSIS), to the midpoint of the tail. 
4. A vertical line is drawn along the dorsal midline, beginning from the tail upward. 
5. A nearly horizontal line is drawn from the PSIS to the midline. 
6. A mirror image flap is made on the contralateral side, for the harvest of a contralateral 
flap. 
7. The dimensions of each flap are then 2x3cm. 




1. The caudal border of the flap was incised down to the gluteal muscles, using a 15 blade. 
Bipolar cautery was used if necessary on potential subcutaneous bleedings. 
2. The skin flap was raised from caudal to cephalad. The elevation of the flap followed the 
muscular plane. This dissection was made with micro-scissors. The flap was raised until the 
desired perforator is seen exiting from the gluteal muscle, just cephalad to the gluteal 
muscle (the choice will be made based on the size of the perforator, always keeping the 
largest). Any other encountered perforators will be cauterized.  These perforators have a 
relatively wide diameter compared with those in the deep inferior epigastric artery model, 
reason why this gluteal model was chosen using the DCIA vessels. 
3. Once the perforator was identified, it was necessary to complete a dissection back to the 
source pedicle and free up the pedicle without skeletonization of the vessels. This dissection 
was performed to ensure that no other branches will vascularize the flap. Only the main 
perforator was kept as the vascular supply of the skin flap. 
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4. Once this dissection was performed, the skin flap relies only on the vascular supply 
provided by the chosen and dissected perforator. The skin flap therefore becomes an island 
flap based on a solitary perforator. 
5. After this dissection was performed, and the assessment of the flap made with 
indocyanine green laser-assisted angiography (as described earlier), the flap was re-inset in 
its wound bed. This means that the flap is sutured back in its original location, using both 
absorbable 5/0 Vicryl Rapide suture ® (Ethicon, USA).  
6. The wound will be washed with saline. Opsite Spray (Smith & nephew, St. Petersburg, FL) 
will be applied on the wound as dressing. 
 
 
Figure 3.22: Flaps marked, incised and raised over the gluteal region of rat, and finally re-





3.2.6 Outcome Assessment of 4D dynamic perfusion CT imaging  
 
8 rats were anaesthetized with Ketamine/Xylazine mixture as previously described, 
following isoflurane inhalation for induction. A 24G IV catheter was placed in the peripheral 
vein (tail or leg). For CT scanning 1.5ml of iodinated contrast Omnipaque® 350 (Iohexol) (GE 
healthcare, USA) was injected over 15 seconds followed by a 1ml saline flush.  CT scanning 
was performed on a Siemens FLASH dual source system.  A 4D body volume perfusion 
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protocol was used to perform CT angiography of the rat's abdomen.  A distance of 7 cm 
ranging from the base of the tail to the mid-abdomen was continuously imaged for 97 
seconds while the table moved in and out of the gantry once every 2 seconds obtaining both 
craniocaudal and caudocranial data.  The potential for both x-ray tubes was set at 80kV and 
the tube current time product was 150 mAs with a 1 second gantry rotation time.  The 
detector collimation was set at 128 x 0.6 mm.  4D data was generated by reconstructing the 
volume between the proximal and distal localization markers, placed at the edges of the 
flaps, in 5 mm increments along a distance of 2 cm.  A medium smooth kernel (B41f) was 
used to reconstruct the images in a field of view of 76 mm with a predefined abdomen 
window level setting of 400/40 HU.  Each 5mm slice was analysed using the DynEval 




Figure 3.23: An axial image of the 4DCT with a Region of Interest (ROI) drawn over the 
preconditioned area (pink) and control area (red). Graphs represent absolute quantity of 







3.2.7 Outcomes Assessment of Indocyanine Green Fluorescence Laser Angiography  
 
 
All rats in group A underwent assessment with LA-ICGFA of the control and intervention 
flaps before surgery, immediately following flap harvest and 7 days post procedure (prior to 
euthanasia) to assess real-time perfusion over two minutes.  Direct comparison of control 
and NPWT pre-treated flaps was analysed by an independent blinded reviewer using newly 
developed proprietary software (CC). The flap areas were clearly demarcated prior to 
surgery to define the ROI. Video capture was assessed for quality control and evaluation of 
perfusion through the angiographic and microcirculation phases was performed. 
Subsequent intensity maps were assessed to map out the average amount of ICG detected 
in the ROI of control and intervention flaps.   Absolute values were obtained for average 
perfusion of the entire ROI of both control and intervention flaps. The ratio of intervention 




3.2.8 Outcomes Assessment of Micro CT  
 
Microvessel density and assessment of the skin flaps Micro CT was performed in 8 rats (4 
group A and 4 group B). The rat was injected with 1000units of Heparin intravenously and 
allowed to circulate for 5 minutes before euthanasia. The abdominal aorta was identified 
and the proximal aorta and inferior venae cava was tied off below the renal vessels and the 
aorta was cannulated with a 24G IV catheter and secured with a silk suture and attached to 
an extension tubing and 3-way Luer-lock tap. A small venotomy was created distally as an 
outflow mechanism. A flush heparinized saline (10,000u/1000ml) was administered using a 
10ml syringe and continued until the effluent was clear, after which a further 10ml was 
flushed.  Then 10ml of 10% formalin was injected, followed by 5ml of heparinized saline, 
and this step was repeated once more prior to injection of the MicroFil® preparation. 
 
MicroFil ® is a radiopaque silicone rubber compound. The compound (Flow Tech, Inc Carver, 
MA) were mixed with diluent 50/50 making up a 2ml preparation and mixed evenly and 
then 5% curing agent was added. 2ml of MicroFil® mixture was prepared. The MicroFil was 
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slowly injected using a 1ml Luer lock syringe slowly and then allowed to set for 120 minutes. 
The marked or previously raised skin flaps were then excised and placed in 10% formalin 
solution for Micro CT. Prior to Micro CT scanning the specimen is placed in paraffin to 
stabilize the skin flap for the CT scan. 
 
The specimens were mounted on a 360° rotating stage and scanned with a micro-CT 
scanner (reference) using an x-ray source with a molybdenum anode and zirconium filter to 
produce 17 keV x-ray photons.  The resulting 3-D images consist of 20 micrometre cubic 
voxels and were analysed using the Analyze® 12.0 software package (Analyze® 12.0, Mayo 









3.2.9 Outcomes Assessment of Histology 
 
 
Following euthanasia of the animal the control and intervention skin flaps were excised and 
the central 3mm longitudinal strip of tissue from the flap was excised and fixed immediately 
in 10% formalin and subsequently paraffin embedded. Longitudinal 5-μm paraffin cross-
sections of the tissue were prepared for histological assessment with haematoxylin-and-
eosin (H&E) and immunohistochemistry staining, that was performed by the Pathology 
Research Core, Mayo Clinic.  
 
Immunohistochemistry staining was performed on 5-μm paraffin sections following an 
initial trial for optimization for CD31, CD68, VEGF and HIF1-alpha. Sections were reviewed 




Immunohistochemical Staining: C31- Pecam 1 
 
Tissue sectioning and IHC staining were performed at the Pathology Research Core (Mayo 
Clinic, Rochester, MN) using the Leica Bond RX stainer (Leica, Buffalo, IL).  Formalin Fixed 
Paraffin Embedded (FFPE) tissues were sectioned at 5 microns. IHC staining was performed 
on-line; tissue slides were de-waxed using Bond Dewax (Leica, Buffalo, IL). Slides for CD31 
stain were retrieved for 10 minutes using Epitope Retrieval 2 (EDTA, pH9; Leica, Buffalo, IL).  
CD31-Pecam1, Rabbit Polyclonal antibody (Santa Cruz Biotechnology, CA) was diluted in 
Bond Antibody Diluent (Leica, Buffalo, IL) to 1:800 and incubated for 30 minutes.  
 
The detection system used was a Polymer Refine Detection System (Leica, Buffalo, IL). This 
system includes the hydrogen peroxidase block, post primary and polymer reagent, DAB, 
and Haematoxylin. Immunostaining visualization was achieved by incubating slides 10 
minutes in DAB and DAB buffer (1:19 mixture) from the Bond Polymer Refine Detection 
System. To this point, slides were rinsed between steps with 1X Bond Wash Buffer (Leica, 
Buffalo, IL). Slides were counterstained for five minutes using Schmidt haematoxylin and 
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molecular biology grade water (1:1 mixture), followed by several rinses in 1X Bond wash 
buffer and distilled water. Once the process was completed, slides were removed from the 
stainer and rinsed in tap water for five minutes. Slides were dehydrated in increasing 
concentrations of ethyl alcohol and cleared in 3 changes of xylene prior to permanent cover 
slipping in xylene-based medium. 
 
Sections were evaluated using an Olympus BH-2 microscope (Olympus, Lake Success, NY) 
and images were captured through an Olympus DP72 camera (Olympus, Lake Success, NY). 
Quantitative analyses were performed using the cellSens Dimension software version 1.11 
(Olympus, Lake Success, NY). Six different random high-power fields of view were examined 
at x20 magnification, representing three superficial and three deep dermal regions of 
interest (ROIs).  Thresholds were optimized for identification of the stain. The total summed 
area, percentage area fraction occupied by vessels and a semi-quantitative score (0-3) was 
recorded for each ROI. A semi-quantitative score was assigned between 0-4 based on the 
number of positively stained objects in the ROI: minimal (less than 5; score=0), above 
minimal (5-10 objects; score=1), moderate (10-15 objects; score=2), high moderate (15-20; 
score=3), high (above 20; score=4). Statistical analyses were performed using a two-sided 
paired t-Test. A total of 32 flaps (16 control and 16 NPWT flaps) were evaluated.  
 
 
3.2.10 Statistical analysis 
 
Rats were alternatively assigned to specific treatment groups. Quantitative variables were 
summarized with means and standard deviations. Categorical data, expressed as 
proportions and frequencies as appropriate. Matched paired analysis was calculated. For 
normally distributed continuous data, statistical analyses were conducted with a paired 
sample t-test. A significance value alpha was set at less than or equal to 0.05.  The 
assessment of skin necrosis and complications was assessed using a chi-square test or 
Fisher’s exact test as appropriate.  Statistical analysis was performed using JMP Statistical 











CHAPTER 4: RESULTS 
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4.1: Anatomical Cadaveric Study of the Perfusion Territories (Perforasomes) of 
DIEA perforators in the Hemi-Abdomen 
 
 
4.1.1 DIEA Perforator Mapping in Hemi-Abdominal Flap 
 
 
A total of 22 hemi-abdomens flaps in 11 fresh cadaveric torsos were harvested for this 
study, of which 10 flaps were used for assessment of 4D imaging in addition to the 3D CTA 
assessment. The 4D protocol was developed after the established injection protocol, which 
accounted for the lower number of flaps used for this assessment.  A total of 244 
perforators were mapped in 22 hemi-DIEPs and from which 38 perforators were selectively 
injected for CTA evaluation. Two injections were complicated by an irreparable leak at the 
most distal part of the perforator and subsequently the injection failed. Hence a total of 36 
flaps were simulated for evaluation of the vascular injection territories in the hemi-
abdomen: these data included 17 medial row perforators, 15 lateral perforators and 6 DCIA.   
 
The largest perforators from the DIEA source vessel were located within 5cm of the 
umbilicus which has been previously described(47) and represents the “hot spot” of 
dominant perforators on the anterior abdominal wall. Fifty-three percent of the perforators 
greater than 0.5mm on the anterior abdominal wall were found within 5cm of the umbilicus 
and only 28% within 3cm of the umbilicus.   In this study, 88% of medial row perforators 
(N=15) were located within the 5cm hot spot in comparison to lateral row perforators of 
which 73% (N=11) were located outside this hot spot zone, and this difference was 
statistically significant, p<0.01 (Fisher’s Exact Test). Perforators within the 5cm “hot spot” 
demonstrated a greater average external diameter with a median of 2.4mm (IQR=1.4-1.9) 
versus 1.7mm (IQR=1.8-2.9) of perforators outside this zone (>5cm from umbilicus), p=0.02 
(Mann Whitney). The median external diameter of the perforators was greatest in the 
medial row (2.3mm), followed by the lateral row (1.8mm) and smallest in the DCIA 
perforators (1.55mm), but this was not statistically significant across all three groups, 
p=0.38 (Kruskall-Wallis). Comparison between medial and lateral perforator external 
diameters was not statistically significant, p=0.18 (Mann-Whitney).  
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4.1.2 Assessment of Perforator Vascular Territories (Perforasome) 
 
Perforator vascular territories areas (perforasomes) were compared between medial row 
and lateral row perforators shown in the table below. The perforasome areas were 
comparable between the three groups (medial, lateral and DCIA), p=0.5 (Kruskall-Wallis 
Test). Paired comparisons did not show any differences between the perforator type and 
perforasome area.  
 
Table 4.1: Comparison of vascular territories of individual perforators (perforasomes) 
between medial row, lateral row and DCIA perforators in a hemi-abdominal flap. 
  Mean Perforasome 
Area cm2(SD) 
Median Perforasome Area cm2 
(IQR) 
Perforasome cm2 
Min, Max  
  
Medial  210.56(72.4) 206.29(146.57-276.52) 95.31,324.45   
Lateral 238.53 (101.10) 218.78(151.87-312.07) 97.6, 410.81   
DCIA 195.65(146.79) 149.95(92.42-344.57) 73.59,409.11   
 
 
Figure 4.1: Maximal Intensity Projection (MIP) images of two perforator injections of a 
lateral row (left) and medial row (right) perforator in the same flap analyzed using the 
Syngo® CT workplace (Siemens). Perforator injection areas (perforasomes) were 
superimposed onto one another and perforasome area, flap area and degree of overlap 












The largest perforators that would be suitable for DIEP reconstruction were selected in each 
hemi-abdomen. Of these there were 17 medial (53%) and 15 lateral (47%) row perforators. 
Direct comparison between medial and lateral row perforators demonstrated that the total 
perforasome area in squared centimetres was 206.3cm2 (IQR=113-276.5) and 218.8cm2 
(IQR=106.8-312.1) respectively, p=0.52 (Mann-Whitney). The percentage area of the 
perforasome to the total hemi-abdominal area between medial and lateral perforator were 
also comparable with average coverage of 42.4% and 47.4% respectively, p=0.4 (Mann-
Whitney). Caudal and cephalad extension of medial and lateral row perforators in the hemi-
abdominal flap from the umbilicus were comparable (p>0.05, Mann-Whitney-U), however 
lateral row perforators did demonstrate greater lateral extension towards the anterior 
superior iliac spine (ASIS) (lateral perfusion), which was statistically significant, p<0.01 
(Mann-Whitney). The median percentage overlap of the medial and lateral perforasomes 
was 43%.  
 
 
Figure 4.2 Graph to show comparison of perforasome area as a percentage of the total 
hemi-abdominal flap area in medial (M) and lateral row (L) DIEA perforators.  
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An assessment of the vascularity following perforator injection was then assessed for each 
hemi-abdominal flap. Comparison of medial and lateral row perforators demonstrated 
comparable volumes of tissue perfused in the hemi-abdominal flap, p>0.05 (Mann-Whitney-
U).  
 
Examination of perforators within the 5cm hot spot, demonstrated a median perfusion area 
of 206.29cm2 versus 240.9cm2 in those outside this radius, which was not statistically 
significant, p=0.36 (Mann-Whitney-U). The overall percentage area of the flap covered by 
perforators within the hot spot versus the cold spot was comparable in both groups, with a 
median value of 42% and 49% in hot spot and cold spot respectively, p=0.23 (Mann-
Whitney-U). The extent of the cephalad and caudal perfusion were also comparable with no 
significant differences, p>0.05 (Mann-Whitney-U). Perforators outside the 5cm zone from 
the umbilicus demonstrated significantly greater lateral perfusion towards the ASIS, p=0.03 
(Mann-Whitney-U).  Assessment of volume of the perforasome within the hemi-abdominal 
flap between those perforators within 5cm of the umbilicus and those outside this radius 
were comparable, p=0.43 (Mann-Whitney-U).  
 
A simple linear regression was used to evaluate the correlation of the external diameter of a 
perforator (mm) with the overall perforasome area (cm2) that demonstrated there was a 
slight positive correlation (R=0.30), however there was insufficient evidence that this 
relationship was statistically significant, p=0.17. Similarly, external diameter of the 
perforator did not show any significant correlation with perforasome volume, cephalad, 
caudal or degree of lateral perfusion, p>0.05.  There was no relationship between the 
external diameter and total number of perforators in the hemi-abdomen, p>0.05.  
 
The relationship of body habitus using body mass index (BMI, kg/m2) on perforator anatomy 
and perfusion territories of individual perforators was then evaluated. Using a simple linear 
regression model there was no correlation seen between increasing BMI and the external 
diameter of DIEA perforators of the anterior abdominal wall. However, there was strong 
evidence of a positive linear association (R=0.48) between increased BMI and the total 
number of significant perforators in the hemi-abdomen (>0.5mm), p<0.01.  
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Figure 4.3: Graph to illustrate correlation between body mass index (BMI, kg/m2) and total 





Simple linear regression model was used to assess the relationship of body mass index (BMI, 
kg/m2) with the average perforasome area (cm2) which demonstrated a positive correlation 
that was statistically significant, p<0.01. Interestingly when the medial versus lateral row 
DIEA perforators were compared separately for the correlation of increasing BMI on overall 
perforasome area, lateral row perforators demonstrated a stronger positive linear 
relationship (R=0.70) between perforasome area and increasing BMI, p<0.01, but this effect 
was not seen in medial row perforators, p=0.27. When evaluating whether perfusion 
territory was affected in a cephalad, caudal, or lateral direction with increasing BMI, there 
were no significant correlations overall, or when lateral and medial row perforators were 
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4.1.3 Assessment of Linking Vessels on Perforator Territories 
 
 
3D CTA reconstruction were reviewed and capture of specific linking vessels including lateral 
linking vessels, inter-row and intra-row linking vessels were recorded (Yes/No) from the 
injected perforator. Lateral linking vessels were dominant linking vessels in the integument 
that coursed laterally towards the mid-axial line. These vessels may link directly with 
adjacent source artery territories (e.g. DCIA, SIEA, intercostal artery perforators). The 
capture and presence of dominant (single large) lateral linking vessels were associated with 
an increased perforasome area, with an average perforasome area of 272cm2 (IQR=204.3-
333.6) versus 176.8cm2 (IQR=121.3-264.9), p<0.01 (Mann-Whitney-U).  This was also 
associated with a higher relative perfusion of the hemi-abdominal flap when lateral linking 
vessels were captured (median 51%) following perforator injection compared to when not 
captured (median 37.6%), that was statistically significant, p<0.01 (Mann-Whitney-U). 
Capture of lateral linking vessels was associated with greater lateral perfusion (p<0.01), but 
did not demonstrate any statistical significance on evaluation of caudal or cephalad 
perfusion. Lateral row perforators demonstrated a greater associated with capture of lateral 
linking vessels compared to medial row DIEA perforators that was statistically significant, 
p<0.01 (Chi-squared).  
 
When medial and lateral row perforators were compared, among lateral row perforators 
the presence of lateral linking vessels was associated with a larger perforasome area that 
was statistically significant, p=0.02 (Mann-Whitney-U); In contrast, among medial row 
perforators, there was a greater degree of variation in the perforasome areas and although 
the average perforasome area was greater when lateral linking vessels (median=240.9, 
IQR=217.7-324.5) were captured, the results were comparable to when the linking vessels 






Figure 4.4: 3D maximal intensity projection (MIP) images of a right hemi-abdominal flap and 
comparison of a medial and lateral row perforator injection studies; Orange arrows 
demonstrate capture of dominant linking vessel that courses through the integument.  
(ASIS= Anterior Superior Iliac Spine) 
 
 
Figure 4.5: 3D Maximal Intensity Projection (MIP) images of a left hemi-abdominal flap and 
comparison of medial and lateral row DIEA injection studies highlighting how linking vessels 
course through the integument and overlap with potential adjacent source artery territories 
of the DCIA and SIEA. (DCIA=Deep circumflex iliac artery; SIEA=superficial inferior epigastric 












The presence and capture of inter-row and intra-row linking vessels was identified in 91% 
and 84% of the injected perforators respectively. Further assessment of capture of inter-row 
and intra-row linking vessels, did not demonstrate a difference among medial and lateral 
row perforators groups, p>0.05 (Chi-squared). Presence of inter-row linking vessels from the 
injected perforator did not contribute to an increased perforasome area, (median 154.9cm2  
when present versus 135cm2 when not present), p=1.0 (Mann-Whitney). The capture of 
intra-row perforators did not demonstrate a difference in perforasome area, representing a 
median perforasome area of 206.3cm2 (IQR=146.2-365) versus 282.9cm2 (IQR=187.8-310.7) 
with presence of dominant intra-row and no intra-row linking vessels respectively, p=0.29 
(Mann-Whitney-U). 
 
 When evaluating the direction of perfusion, the capture of dominant intra-row perforators 
from the injected perforator was associated with a greater extension of caudal perfusion 
towards the, p<0.01 (Mann-Whitney-U). The dominant linking vessels (inter-row, intra-row, 
and lateral) or combination of these linking vessels captured was evaluated.  The most 
significant differences were found between “combinations of inter-row, intra-row and 
lateral” versus “intra-row” only linking vessels, p=0.05; “lateral” only versus “intra-row and 
inter-row”, p=0.03, and “combination of inter-row, intra-row and lateral” versus “intra-row 






Figure 4.6: Graph to show median and interquartile ranges of perforasome area (cm2) 
between different combination of dominant linking vessels (inter-row, intra-row and lateral) 






4.1.4 Qualitative analysis of dominant axiality of flow within the perforasome  
 
 
Axiality of flow, or in other words the dominant direction(s) of distribution of the vascular 
territory following injection of an individual perforator was assessed on 3D CT imaging 
qualitatively. The capture of intra-row linking vessels was associated with a significant 
difference in the axiality of dominant vascular territory distribution of an individual 
perforasome (bi-directional, medial, or lateral), p=0.02 (Chi-squared) with the greater 
proportion of bi-directional distribution from the perforator when intra-row perforators 
were captured. This pattern of perforasome distribution was also seen with on capture of 
inter-row linking vessel, p<0.01 (Chi-squared), thus when inter-row perforators were 
captured there was a greater proportion with bi-directional flow. Comparison of axiality of 





































































degree of bi-directional (medial and lateral) distribution of the vascular territory in medial 
perforators compared to a greater degree of lateral based distribution of the vascular 
territory in lateral perforators, p<0.01 (Fisher’s Exact Test). Similarly, a greater degree of bi-
directional flow was seen among perforators found within 3cm of the umbilicus compared 
to outside this radius, p=0.04 (Fisher’s Exact Test).  
 
When assessing the perforasome distribution in reference to dominant axiality of flow (bi-
directional, medial and lateral) and impact on overall perforasome area, there was no 
significant differences across all three groups, p=0.08. However, the average perforasome 
area of bi-directional (206.3cm2) and lateral (239.2cm2) was higher than medial axiality of 
flow (135cm2) in hemi-abdominal flaps, with the most significant difference seen in the 
perforasome areas between perforators demonstrating lateral versus medial axiality of 
flow, p=0.04 (Kruskall-Wallis).  
 
 
Figure 4.7: Graph to show impact of dominant axiality of flow / perforasome distribution on 

























Dominant axiality of flow
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4.1.5 Qualitative analysis of 4-Dimensional perforator vascular territory 
 
 
Dynamic qualitative assessment of injection of individual perforators was assessed in an 
axial and coronal plane (N=10 DIEP flap perforators). A 4D CTA was performed for each 
millilitre of contrast injected in an individual DIEA perforator up to a total of 3ml in the 
hemi-abdominal flap. The dominant linking vessels captured/perfused following the 
injection was usually identified following injection of the first 0.5ml of contrast and this was 
representative and predictive of the pattern of the overall perforasome distribution and 
area. This protocol was developed following the establishment of our standard injection 
technique, therefore resulted in a smaller sample size.  
 
Evaluation of individual perforators within the hemi-abdominal flap identified different 
initial filling patterns based on timing on both coronal and axial planes, hence demonstrated 
the dynamics of flow. Capturing the speed of flow within microvascular linking vessels 
within the integument varied but did not demonstrate differences specific to medial or 
lateral row perforators. Figure 4.8 illustrates differences following injection of a medial row 
DIEA perforator in two different left hemi-abdominal flaps on coronal view. In contrast to an 
expected simple radial distribution in the vascular territory from the injected perforator 
within the flap, it was observed that early capture and filling of adjacent inter-row 
perforator, SIEA perforator territory, and intercostal perforators (to a lesser degree) via 
larger linking vessels contributed to rapid distribution of contrast over a wider area and 
larger overall perforasome.   
 
Observation within the axial video capture revealed pattern of flow to the supra-Scarpa’s 
layer and dermis, and presence of arborization of the perforator as it enters the integument, 
connections direct to large supra-Scarpa’s linking vessels, or recurrent flow through an 
adjacent inter-row perforator (Figure 4.9A). The presence of these large direct linking 
vessels and patterns of recurrent flow accounted for rapid and broad early distribution of 
contrast within the hemi-abdominal flap microvasculature. This is in contrast to smaller 
direct linking vessels that run along the integument with multiple small contributions to the 
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dermis along its course (Figure 4.9B). The impact of these initial filling patterns may similarly 
impact overall perforasome distribution as seen in the examples Figures 4.8 and 4.9.  
 
Figure 4.8: Two examples (A and B) of computed tomographic angiography coronal images 
captured from 4D scanning following initial 0.5ml injection of contrast into a medial row 
perforator in left hemi-abdominal flaps. Figures demonstrate initial distribution (left) and 








Figure 4.9: Two examples (A and B) of computed tomographic angiography axial images 
captured from 4D scanning following initial 0.5ml injection of contrast into a medial row 
perforator in left hemi-abdominal flaps. Figures demonstrate initial distribution (left) and 
final perforasome distribution and area (right). Initial direction of direct and recurrent flow 







It was observed in this sample of hemi-abdominal flaps that arborisation in the sub-Scarpa’s 
layer from the injected perforator and direct connection with adjacent perforators or a large 
supra-Scarpa’s linking vessel accounted for rapid distribution to boarder areas of the hemi-
abdominal flap. This was in contrast to presence of only smaller calibre linking vessels 
coursing through the integument, or absence of large branching patterns in the sub-Scarpa’s 
layer (Figure 4.10). The absence of larger calibre direct communication with adjacent DIEA 
perforator territory or SIEA territory, resulted in more radial and slower filling patterns 
within the integument of the flap. Larger calibre communicating vessels observed travelling 
predominantly in the supra-Scarpa’s or subdermal level was associated with an early broad 
distribution within the vascular territory. Lateral or oblique larger calibre orientated 
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communicating vessels, in particular capture of the SIEA territory, was associated with 
greater degree and more rapid lateral perfusion of the hemi-abdominal flap and broader 
overall perfusion territory, regardless of perforator row.  
 
 
Figure 4.10: Example of computed tomographic angiography coronal (top image) and axial 
(bottom image) screenshots captured from 4D scanning following initial 1ml injection of 
contrast into a medial row perforator in a right hemi-abdominal flap. Dominant direction of 









4.2: Clinical Study to Evaluate of Anatomy and Dynamic DIEA Perfusion Territories 
(Perforasomes) of Hemi-DIEP Flaps in Breast Reconstruction 
 
 
4.2.1 Patient Population  
 
A total of 98 consecutive women underwent a bilateral DIEP/MSTRAM breast 
reconstruction between January 2014 and June 2016 performed by a senior surgeon (M.SC)a 
at the Mayo Clinic, Rochester, MN. Data analysis was performed by an independent 
reviewer (CC)b using a protocol that was established to optimize data capture for image 
analysis and implemented.  A total of 44 consecutive flaps were subsequently included in 
the study following optimization of the data capture protocol. Of these cases, 6 flaps did not 
have a preoperative CT for evaluation of perforators to compare to the LA-ICGFA imaging.  
 
A total of 38 flaps remained for both CTA and LA-ICGFA analysis, two flaps were converted 
to MS-TRAM flaps and three flaps were raised with two perforators (1 MSTRAM, 2 DIEPs) 
while the remaining were all single dominant DIEP free flaps for breast reconstruction (N=34 
flaps), using the largest perforator in hemi-abdomen. A medial row perforator was used for 
the harvest of single perforator hemi-DIEP in 30 flaps (88%) compared to use of a lateral 
row in 4 flaps (12%). When two perforators were included within the flap (N=3) these all 
incorporated two perforators from the medial row. Both MSTRAM flaps were harvested on 
medial row perforators. The average BMI of the women was 29 (IQR=26-32). Average 
abdominal thickness at the level of the umbilicus was 35mm (IQR=28-41). The mean flap 






                                                        
a M.S-C = Michel Saint-Cyr; Consultant Plastic Surgery, Mayo Clinic and Clinical Supervisor of PhD. Dr. Saint-Cyr 
performed all operations and data acquisition on SPY Elite System ®, and assisted in categorization of SPY 
perfusion patterns.  
b CC= Dr. Cheng Chen was an independent and blinded reviewer to assess image quality, and post-processing 
analysis; He was a developer of the SPY-Qc® software.  
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4.2.2 Evaluation of Preoperative Computed Tomographic Angiography  
 
A total of 38 hemi-abdominal flaps had available preoperative CT for assessment. The 
dominant perforator reported on CT was identified at an median of 20mm below the 
umbilicus (IQR 0-34mm), and 25mm lateral to the umbilicus (IQR 15.7-35mm). 92.1% (N=35 
flaps) of dominant perforators within the hemi-abdomens were found within 5cm of the 
umbilicus and in 55.2% (N=21 flaps) the dominant perforator was found within 3cm of the 
umbilicus. The origin of the dominant perforator arose from the medial row of the deep 
inferior epigastric artery in 78.9% of cases (N=30 flaps) and the lateral row in 18.4% (N=7 
flaps) and in one hemi-abdomen there was no dominant perforator. Of the medial row 
dominant perforators, 29% of these were paraumbilical.  
 
The mean perforator size was 2mm (IQR=1.8-3). Looking at density of perforators within an 
entire hemi-abdomen (from the xiphoid, pubic ramus and laterally towards the ASIS), 52.8% 
(N=19 flaps) had a moderate density (presence of 3-5 perforators); 44.4% (N=16 flaps) had 
multiple perforators (presence of greater than 5 perforators), and 1 flap had less than 3 
perforators in the hemi-abdomen. A single dominant perforator was present in 63% of 
hemi-abdomens. When present, the dominant perforator was included in the flap in 95% 
cases, and the origin of the dominant perforator was the medial row in 82% cases. Using 
simple linear regression there was no significant correlation between perforator size and 
abdominal thickness (p=0.88), BMI (p=0.58) or number of perforators in the hemi-abdomen 
(p=1.0). Interestingly there was no correlation between the number of perforators in the 
hemi-abdomen and BMI (R= -0.2, p=0.23).  
 
   
4.2.3 Analysis of Hemi-DIEP perforasome with Laser Assisted Indocyanine Green 
Fluorescence Angiography 
 
Forty-five hemi-DIEP flap cases were available for analysis using SPY-Qc ® software that 




Figure 4.11: Illustration of the three angiographic phases captures on SPY Elite System® 





Timing and intensity maps over time were created capturing the ingress, peak concentration 
of inflow, and egress of the contrast agent into the flap. The region of interest (ROI) 
included the boundaries of the flap. Maps provided a global quantitative analysis by 
capturing measurements simultaneously within every pixel of the image captured, and then 
summated over the entire arterial and microvascular phases of blood flow using the SPY-Qc 
® software for analysis (CC)5. The relative perfusion within the ROI was determined using 
the perforator location representing the primary value for comparison (100%).  
 
                                                        
5 CC= Cheng Chen 
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Qualitative analysis of the timing maps captured (ATM6, M.S-C7), that represented the 
overall rate of inflow into all regions of the DIEP flap, highlighted unique patterns of inflow, 
and this was apparent even on comparison of only single medial row perforator flaps.  
Patterns of perfusion were subsequently categorized into three broad patterns based on 
observed “hot spots” of perfusion and blood flow into the dermis and superficial fat in 
hemi-DIEP flaps harvested on a single dominant perforator (N=34 flaps): single (N=4 flaps), 
co-dominance (N=11 flaps) and diffuse (N=19 flaps). Perfusion assessment was made with 
the flap fully harvested, but remaining in-situ, just prior to transfer to the chest wall. This 
allows for the flaps to recover from arterial spasm and acclimatise following isolation of the 
pedicle. The “single” pattern of perfusion described a more concentric pattern of blood flow 
from the perforator into the remaining portion of the flap (Figure 4.12). The “co-dominant” 
pattern represented the presence of two hot spots on the timing map, and rapid 
simultaneous flow into a perforator and possibly adjacent perforator. Finally, the “diffuse” 
pattern had multiple hot spots across the flap, demonstrating simultaneous rapid inflow 
likely into adjacent perforating vessels linked to the primary perforator.  The flaps converted 
to MS-TRAM (N=2 flaps) both expressed a diffused pattern of perfusion. Two hemi-DIEP 
flaps were raised on two medial row perforators that demonstrated a co-dominant pattern 
of perfusion (N=1 flap) and diffuse perfusion (N=1 flap).  
 
 
Figure 4.12: Three broad categories of perfusion of single dominant hemi-DIEP flaps 
illustrated on review of timing maps captured using LA-ICGFA using the SPY Elite System ® 
(Novadaq Technologies, Inc): Single (right), Co-dominance (centre), and Diffuse (left).  
 
                                                        
6 ATM= Anita T Mohan 
7 M.S-C= Michel Saint-Cyr 
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The presence of a single dominant (largest) perforator on preoperative CTA and number of 
perforators in the hemi-abdomen were comparable in all three perfusion pattern categories 
(p>0.05, Kruskall-Wallis).  The three categories of perfusion patterns observed were then 
compared using both intensity and timing maps to evaluate the flap areas representative of 
three perfusion thresholds: >25%, >50% and >75% relative to the reference value of the 
perforator location (Figure 4.13). Comparison of the intensity perfusion maps of the three 
patterns seen in single dominant hemi-DIEP flaps demonstrated a significant difference in 
flap areas that were perfused greater than the 25% threshold, with the greatest flap area 
represented by the diffuse pattern, p <0.01 (Kruskall-Wallis). Similarly, comparison of timing 
maps demonstrated a significant difference between the three groups on evaluation of flap 
areas perfused greater than the 25% threshold, p <0.01 (Kruskall-Wallis): comparison of 
pairs showed that the diffuse pattern had the greatest flap area compared to single (p=0.02, 
Mann-Whitney) and co-dominant (p<0.01, Mann-Whitney) patterns. There were no 
significant differences seen in the three groups on review of flap areas with greater than 
50% and greater than 75% perfusion thresholds (p>0.05, Kruskall-Wallis).  
 
An evaluation of cephalad-caudal perfusion gradient across the hemi-DIEP flap on intensity 
maps showed that there was a significant difference between the three groups (p=0.03, 
Kruskall-Wallis). Comparison between the groups identified that there was a significant 
difference between the diffuse and single categories (p=0.02, Mann-Whitney), but 
comparable between the diffuse and co-dominant (p=0.06, Mann-Whitney), and between 
single and co-dominant patterns (p=0.33, Mann-Whitney).  Similarly, upon evaluation of the 
cephalad-caudal axis in timing maps there was a significant difference between the three 
perfusion patterns (p<0.01, Kruskall-Wallis). This difference was attributed to the diffuse 
pattern with a greatest area of cephalad-caudal perfusion compared to the two other 
groups (p=0.01, Mann-Whitney), whereas comparison between the single and co-dominant 
groups were comparable (p=0.15, Mann-Whitney). The medial to lateral axis of perfusion in 
single perforator hemi-DIEPs also demonstrated no significant difference across all three 
groups in intensity and timing maps (p=0.33 and p=0.07 respectively, Kruskall-Wallis). These 
results are summarized in Table 4.2.   
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Figure 4.13: An example of imaging captured on LA-ICGFA and analysis using SPYQc ® 
software (Novadaq Technologies, Inc) reproducing intensity map (left) and timing map 
(right). Cephalad-caudal and medial-lateral gradients of perfusion were assessed on each 
axis of the map and area under the curve represents area across the flap and marked to 
show area than is >75% relative to the reference value. Bottom left recorded areas of 
perfusion that were >75%, >50% and >25% of perfusion relative to the reference value. 





Table 4.2: Table to summarize the perfusion limits and areas on LA-ICGFA as analysed by 














INTENSITY MAPS     
Area of ROI  >25% perfusion  73.5 (56-74) 71 (51-90) 91 (89-96) <0.01* 
Area of ROI  >50% perfusion 33.5 (28-43) 26 (12-31) 47 (29-52) 0.13 
Area of ROI  >75% perfusion 3 (2-8) 2 (0-10) 4 (0-8) 0.86 
Cephalad-Caudal Perfusion 
Gradient >75% 
72.5 (63-89) 87 (72-98) 95 (87-100) 0.02* 
Medial-Lateral Perfusion 
Gradient >75% 
70 (61-88) 67 (61-86) 80 (69-87) 0.33 
TIMING MAPS     
Area of ROI  >25% perfusion  58.5 (48-72) 62 (56-72) 84 (79-89) <0.01* 
Area of ROI  >50% perfusion 41.5 (28-54) 40 (25-49) 54 (39-71) 0.12 
Area of ROI  >75% perfusion 12 (6-19) 9 (4-24) 12 (6-36) 0.65 
Cephalad-Caudal Perfusion 
Gradient >75% 
64 (58-83) 83 (63-87) 93 (77-98) <0.01* 
Medial-Lateral Perfusion 
Gradient >75% 
63.5 (62-87) 68 (57-80) 77 (70-87) 0.07 











4.2.4 Analysis of Computed Tomographic Angiography and Hemi-DIEP perforasome with 
Laser Assisted Indocyanine Green Fluorescence Angiography  
 
 
The dominant perforator as identified on preoperative CTA correlated clinically and included 
in the hemi-DIEP flaps in 36 out of 38 flaps (95%) of cases. A single dominant perforator was 
identified in the hemi-abdomen on preoperative CTA in 24 out of 38 cases (63%). On review 
of the single dominant hemi-DIEP flaps, there were no correlations between the number of 
perforators within the hemi-abdomen and the resultant perfusion areas at the three 
thresholds (>75%, 50% and 25%), the cephalad-caudal and medial-lateral axes. 
 
 
4.2.4.1   Medial versus Lateral Row perforators  
 
Analyses of the characteristics of the microvasculature on preoperative CTA based on the 
selected perforator for flap harvest, and final flap perfusions analysis on SPY-QC® were then 
subsequently performed. Single dominant hemi-DIEP flaps were included for direct 
comparison (N=34 flaps).  Perforator origin (medial versus lateral row) in these hemi-DIEP 
flaps had comparable perfusion patterns as (single, co-dominant, diffuse) observed on LA-
ICGFA (p=0.86, Fisher’s Exact Test).  The area of perfusion on both intensity and timing maps 
were comparable between medial, paraumbilical and lateral row perforators in single 
dominant hemi-DIEP flaps at all three perfusion thresholds (>75%, >50% and >25%). 
Similarly, there were no differences in medial to lateral perfusion between the medial, 
paraumbilical and lateral row perforators in single dominant hemi-DIEP flaps. Similarly, 
along cephalad-caudal axis, average perfusion was comparable between medial and 
paraumbilical perforators compared to lateral row perforators, with median areas (%) 
90(IQR=78-96), 83 (IQR=75-89) and 68 (IQR=62-88) respectively, p=0.06 (Kruskall-Wallis). 
 
 
4.2.4.2 Course and characteristics of the DIEA perforator 
 
There were no appreciable differences between the distance of the intramuscular course 
and perfusion pattern (diffuse, co-dominant or single), areas of perfusion, cephalad-caudal 
and medial-lateral gradients of perfusion. A comparison of direct and indirect perforators 
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(multiple branches to muscle and branches at level of fascia prior to entry to the flap) were 
subsequently compared. From the analysis direct perforators, those with no branching 
along their route from the underlying source artery to the entry to the flap, were associated 
with a greater area of flap perfusion that was >75% threshold in both timing and intensity 
maps (p=0.05 and p=0.03, respectively). However, these more direct perforators did not 
influence the flap areas when reviewing areas of perfusion >50% and >25% thresholds 
(p>0.05).  
 
The exit of the perforator from the fascia to supply the integument of the DIEP flap was 
then reviewed. The perforator was characterized to have a direct or oblique course as it 
exited the anterior rectus sheath, but there were no differences in perfusion patterns or 
perfusion gradients or flap areas perfused on SPY-Qc analysis between the two types, 
(p>0.05). Neither the length of the intramuscular course, direct or indirect perforator, nor 
the exit of the perforator from the fascia (direct or oblique) were associated with any 
differences in the SPY perfusion pattern (single, co-dominant, diffuse).  
 
 
4.2.4.3 Branching patterns of the perforator in the Hemi-DIEP flap 
 
On evaluation of the degree of branching in the subscarpa’s level (none, minimal, 
moderate), there were no significant differences in the perfusion areas or perfusion 
gradients across the hemi-DIEP flaps, except on evaluation of perfusion on intensity maps, 
which demonstrated perforators with no branching in the subscarpa’s had the greatest 
degree of perfusion (>75% relative to reference value) in the cephalad-caudal axis of the 
flap, p=0.01 (Kruskall-Wallis). On evaluation of the suprascarpa layer branching pattern, the 
presence of minimal versus multiple branching did not significantly impact the overall 
perfusion patterns (single, co-dominant, diffuse), p=0.63 (Fisher’s Exact Test) nor perfusion 
areas and gradients as previously described on timing or intensity maps, p>0.05 (Mann-
Whitney).  
 
Semi-quantitative analysis of the microvasculature and density of vertical communicating 
vessels to the subdermal layer around the perforator   (minimal, moderate or multiple) was 
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associated with a significant difference in SPY patterns (single, co-dominant, diffuse) p=0.02, 
but this parameter alone did not influence perfusion areas and gradients in hemi-DIEP flaps, 
p>0.05. Further categorization of the microvascular contribution to the subdermal plexus 
from the dominant perforator of the hemi-DIEP flap was then evaluated based on the 
characteristics of the pattern of distribution, which included: (1) via a dominant linking 
vessel in the suprascarpa’s layer with small direct communications; (2) multiple fine direct 
communications; (3) direct from the perforator; (4) direct from the perforator in addition to 
a dominant linking vessel with direct communications, and (5) direct from the perforator in 
addition to multiple fine direct communications to the subdermal plexus. It has been shown 
that the subdermal plexus anatomically can influence overall perfusion based on previous 
cadaveric perfusion studies.(175) There is no standardized classification or approach for 
characterizing the subdermal contributions, but there was great variation, which is a 
notable limitation with this approach.  
 
On analysis of perfusion areas on intensity and timing maps, only timing maps showed a 
significant difference in characterization of pattern of contributions to the subdermal plexus 
on the flap area perfused greater than the 25% threshold, p=0.01 (Kruskall-Wallis), Figure 
4.14. The presence of a dominant linking vessel in the suprascarpal layer with small 
contributions, or a direct perforator with multiple contributions, resulted in larger areas of 
flap perfusion. Interestingly, the presence of direct communication by the perforator in 
addition to a dominant linking vessel (group 4) had a slightly lower average compared to the 
other groups, but only 2 flaps represented this category which may have influenced this 
result. Creating multiple groups may limit the analysis as there were fewer observations in 
some categories and this may have influenced our overall results, with a possible type I 
error. Notably there was variation in the patterns of microvasculature at the subdermal 









Figure 4.14: Graph to demonstrate impact of contribution to dermal plexus on the area of 
flap perfusion above the 25% threshold relative to the perforator.  
 
 
Pattern of contribution: (1) via a dominant linking vessel in the suprascarpa’s layer with small direct 
communications; (2) multiple fine direct communications; (3) direct from the perforator; (4) direct from the 
perforator in addition to a dominant linking vessel with direct communications, and (5) direct from the 
perforator in addition to multiple fine direct communications to the subdermal plexus. (Comparison across all 




4.2.4.4 Presence of dominant linking vessels in the Hemi-DIEP flap 
 
 
The presence of a large calibre dominant linking vessel in the subscarpa’s layer and resulting 
perfusion pattern categorized on SPY-Qc® (single, co-dominant, diffuse) did not 
demonstrate any significant difference (p=0.51, Fisher’s Exact Test). The presence of a 
dominant linking vessel in the subscarpa’s layer did not statistically impact perfusion area 
on intensity maps of hemi-DIEPs compared to when no dominant linking vessel was present, 
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however, that evaluates the ingress of blood flow into the hemi-DIEP flap, there was a 
higher average area of flap perfusion in the presence of a dominant linking vessel in the 
subscarpa layer (median=84%, IQR=70-94) versus no dominant linking vessel (median 73%, 
IQR=61-84), which was statistically significant, p=0.05 (Kruskall-Wallis).  
 
Subsequent analysis of the presence of dominant linking vessel in the suprascarpa’s layer 
was then performed. The presence of dominant linking vessel in this layer showed a 
difference in the category of SPY-Qc ® perfusion patterns of single dominant perforators 
(single, co-dominant, diffuse), which was statistically significant, p=0.01 (Fisher’s Exact Test). 
The presence of a dominant linking vessel from the dominant perforator used in the hemi-
DIEP flap resulted in a higher proportion of flaps with a diffuse pattern (60% flaps) and co-
dominant patterns (23% of flaps).  Using the same assessment as previously described for 
the subscarpa’s layer, the presence of a dominant linking vessel in the suprascarpa’s layer 
was associated with higher mean perfusion areas with >25% relative to the reference value 
on intensity maps (median 89.5%, IQR=74-94), compared to absence of dominant linking 
vessel (median 73%, IQR=41-77), that was statistically significant, p=0.02 (Mann-Whitney). 
Similarly, on assessment of timing maps the presence of a dominant linking vessel in the 
suprascarpa’s layer had a significantly higher area of perfusion (median 81.5%, IQR=65-85) 








A multivariate analysis was run to evaluate characteristics of the microvasculature assessed 
on preoperative CTA and resulting perfusion pattern as previously categorized on SPY-Qc® 
(single, co-dominant, diffuse) to assess which features may most likely determine the final 
perfusion pattern seen in single dominant perforator hemi-DIEP flaps. This analysis included 
branching patterns in the subscarpa’s, branching in the suprascarpa’s, presence of dominant 
linking vessel in the subscarpa’s and suprascarpa’s, presence of inter-row and intra-row 
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linking vessels, and density of vertical communicating vessels to the subdermal layer around 
perforator. This demonstrated that the difference in perfusion patterns was correlated with 
the presence of a dominant linking vessel in the suprascarpa’s layer (p=0.02). This 
multivariate analysis was used to evaluate parameters that may contribute to the area of 
the flap with inflow >25% on timing perfusion maps, which also demonstrated a dominant 
linking vessel in the suprascarpa’s layer as a significant factor on overall perfusion area, 
p=0.04.  
 
The presence of inter-row linking vessels (yes/no) from the dominant perforator of single 
dominant hemi-DIEP flaps was shown to correlate with diffuse patterns (54% flaps) and co-
dominant patterns (26% flaps) compared to single patterns (3% flaps), which was 
statistically significant (p=0.003, Fisher’s Exact Test). However, comparison between diffuse 
and co-dominant patterns only did not demonstrate a significant difference between the 
two groups, p=0.23 (Fisher’s Exact Test).  The layers in which the inter-row linking vessels 
were found were mainly distributed in the suprascarpa’s layer (77% flaps).  
 
The presence of intra-row linking vessels on the perfusion pattern was then subsequently 
evaluated which showed a similar pattern whereby the presence of an intra-row linking 
vessels was seen in a higher proportion of single dominant perforator hemi-DIEP flaps with a 
diffuse pattern (57% flaps) and co-dominant pattern (26% flaps) compared to single pattern 
(11% flaps), however this did not reach statistical significance comparing all three groups, 
p=0.10 (Fisher’s Exact Test). Comparison between the diffuse pattern and co-dominant 
pattern however, showed that diffuse pattern hemi-DIEP flaps had a higher proportion of 
intra-row linking vessels, p=0.05 (Fisher’s Exact Test). Intra-row linking vessels were found 
predominantly in the suprascarpa’s layer (88% flaps).  
 
The density of vertical communicating vessels to the subdermal layer around the dominant 
perforator in a single perforator hemi-DIEP flap (categorized semi-quantitatively as minimal, 
moderate and multiple) demonstrated a significant difference between the three perfusion 
patterns categories, p=0.007 (Fisher’s Exact Test). The diffuse pattern hemi-DIEP flaps were 
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associated with a significantly higher density of vertical communicating vessels to the 
subdermal layer.  
 
 
Table 4.3 Summary of the different parameters analysed on preoperative CTA and 










Presence of single dominant perforator in 
the hemi-abdomen (Yes) 
3 (8%) 5 (13%) 16 (42%) 0.13 






























Presence of dominant linking vessel in 
subscarpa’s layer (Yes) 
0 (0%) 3 (8%) 5 (13%) 0.54 a 
Presence of dominant linking vessel in 
suprascarpa’s layer (Yes) 
2 (5%) 9 (24%) 22 (58%) 0.01*a 
Presence of an inter-row linking vessel (Yes) 1 (3%) 10 (26%) 21(55%) 0.003*a 
Presence of an intra-row linking vessel (Yes) 4 (11%) 10 (26%) 22 (58%) 0.09 
Density of vertical communicating vessels to 
























A qualitative analysis of the intraoperative videos of ICGFA captured, assessment of timing 
and perfusion maps and an individualized assessment of underlying perforator anatomy was 
then performed. Evaluation of the CTA followed evaluation of patterns previously described 
in Materials and Methods. In the first instance both the dynamic perforasome and the 
perforator microvascular anatomy was highly variable, even within the same individual. 
 
In single perfusion patterns, video analysis of the ICGFA observed a centralized area of initial 
perfusion following by diffusion of this region over the area of the flap in a more uniform 
manner. Blood flow to other areas of the flap was predominantly achieved via the 
subdermal plexus and recurrent flow to adjacent perforators via the subdermal plexus. An 
oblique orientation of the principle perforator through the integument or of one of its early 
branches of comparable calibre (subscarpal branching), may lateralize the perfusion seen 
even of a medial dominant row perforator. In these grouped patterns of flaps, perfusion is 
dominated by the subdermal plexus, therefore the supply of contributions to the subdermal 
plexus then plays a potential role in broadening the zone of higher perfusion of the flap. 
Communication with the SIEA territory as in the example below (Figure 4.15), seen via a 
longitudinal linking vessel, allow for rapid distribution of blood flow, even in a centralized 
pattern dynamic perforasome. These results correlated with findings and results from the 













Figure 4.15: Example of imaging technologies used to evaluate  a right hemi-DIEP flap and 
assessment of preoperative perforator anatomy (A) axial slice of preoperative DIEP CTA scan 
demonstrating a single medial dominant row perforator with minimal lateral linking vessels 
and minimal branching, however an oblique orientation of one of the subscarpa’s branches; 
(B) sagittal image of direct longitudinal connection with the territory of the SIEA territory 
within the superficial scarpa’s layer; (C-E)  Video capture of LA-ICGFA at 6 seconds, 12 
seconds and 18 seconds (reaching peak of arterial phase); (F)  Timing map during the arterial 
and microvascular phases demonstrating lateralized dominant perfusion of a single medial 





In co-dominant and diffuse patterns, it was hypothesized that hot spots seen on timing 
maps would indicate higher presence of true anastomosis or dominant linking vessels 
allowing rapid blood flow through different areas of the flap. Orange and yellow regions 
may represent a higher degree of contributions to the dermal plexus via a dominant linking 
vessel or fine contributions to the subdermal plexus, and sometimes a dominant linking 
vessel within the subdermal plexus. Recurrent flow to adjacent perforators allows 
distribution of the flow throughout the flap, including linking to the superficial SIEA 
territory. The difference in these two perfusion patterns on timing maps was related to the 
presence of two dominant or multiple hot spots, indicating that there is rapid flow into 
multiple areas of the flap via direct communicating vessels.  Perfusion in these flaps was not 
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primarily dependent on the subdermal plexus. However, on review of the preoperative CTA 
scan there was a high variability in the presence and patterns of contribution to the 
subdermal plexus.   
 
The dominant perforator from the flap may directly perfuse the subdermis with either 
multiple communicating fine branches or a dominant communicating vessel in addition to 
multiple fine branches. Recurrent flow into adjacent perforators, that was also seen in the 
anatomical studies, may show more rapid distribution when there is a presence of 
additional communicating vessel from the dominant perforator to the adjacent network.  In 
other cases, a dominant linking vessel may arise from the dominant perforator and either 
perfuse the subdermis directly with multiple communications, or join a network of 
communicating vessels including the superficial system, and often was associated with 
broader, lateral perfusion of the hemi-DIEP.  
 
The mapping of both intensity and perfusion varied. The intensity maps demonstrated more 
concentric patterns of perfusion in the flap. However, the timing maps qualitatively 
represented ingress into the flap and more accurate at depicting perforator hot spots, or 















Figure 4.16: Example of imaging technologies used to evaluate  a right hemi-DIEP flap and 
assessment of preoperative perforator anatomy (A) axial slice of preoperative DIEP CTA scan 
demonstrating a single medial dominant row perforator with large bifurcation at the level of 
the Scarpa’s fascia with an oblique orientation of one of the subscarpa’s branches that 
continues laterally (green arrow) with multiple contributions to the subdermal plexus 
(orange arrows) (B) axial magnified image of direct branch from the dominant perforator 
and connection to the lateral adjacent perforator at the level of the subdermal plexus; (C) 
Timing map capturing the arterial and microvascular phases demonstrating two initial 
dominant hot spots of perfusion of a single medial row perforator hemi-DIEP in a “co-
dominant pattern”, and (D) Video capture of LA-ICGFA at 5 seconds, 10 seconds and 15 














4.2.4.6 Surgical outcomes of DIEP Breast 
 
 
A total of 41 hemi-DIEP flaps of the 44 flaps were available for analysis with LA-ICGFA and 
comparing CTA. Based on the surgical reports, the LA-ICGFA imaging of the flaps was 
deemed OK in 28 (70%) of cases after the pedicle dissection was completed. Following 
review of LA-ICGFA and based on clinical judgement, areas of hypo-perfusion were 
estimated between 5-15% of the hemi-DIEP flap. Further resection of hypo-perfused areas 
was carried out in 7 out of 41 cases (17%), therefore this would be a potential influence on 
the surgical outcomes and complications.    
 
There were three cases of intraoperative complications and 7 cases of postoperative 
complications. Venous congestion occurred in three cases intraoperatively, and one case 
identified postoperatively in the first 24 hours and returned to the OR for exploration. There 
were 5 cases of documented fat necrosis post operatively and one minor wound 
dehiscence. The limited sample size and incidence of complications is insufficient to make 
inferences on LA-ICGFA perfusion patterns or underlying anatomy in relation to incidence of 
complications. However, evaluation of the angiographic curves which can be visualized by 
the surgeon in real-time during the intraoperative recording, and incidence of any 
complication was statistically significant (p=0.03, Fishers Exact); Curves that demonstrated 
sluggish inflow had a higher proportion of complications, and this can be seen by a slow rise 
on the angiographic curve that deviated from the typical expected curve. However, given 
that this group was still relatively small (N=5), there were still six incidences of a 
complication in the group that did demonstrate good arterial inflow. Complications may 
have originated from venous problems, which are more common, and venous phases were 
captured on several of the studies, but not all, and has not been analysed in this research as 









4.3 An Experimental Small Animal Model to Evaluate Topical Negative Pressure 
Pre-treatment and Implications on Flap Vascularity 
 
 
4.3.1 Animal Experiment and Data Acquisition  
 
Topical continuous negative pressure of -125mmHg was applied onto the intervention side 
flap area for 5 days. Dressings were maintained for the entire time but may need to be 
partly replaced if there was a significant leak in the dressing or loss of the seal to permit 
successful negative pressure. The control flap was covered by a Tegaderm® dressing only. 
Cumulative hours of 125mmHg of continuous negative pressure were recorded for the 
intervention side.  The median hours of NPWT on the flap was 141 hours, 5.8 days 
(Interquartile Range (IQR)= 128-165.75 hours, 5.3-6.9 days).   
 
The techniques developed in this animal protocol were new experimental protocols. The 
biggest limitation in perfusion assessment imaging techniques in a small animal model was 
maintenance of the peripheral access, in particular, for repeated assessments. This was 
partly due to the size and nature of the vessel. Peripheral access was maintained either in 
the lower limb or dorsal vein in the tail, which provided a minimally invasive approach. 
Intravenous catheters were injected with heparinized saline in an attempt to maintain 
patency and secured with a temporary splint with a wooden tongue depressor and tape for 
protection. There was an initial learning curve to optimizing and maintaining peripheral 
access. This had impact upon the results of some earlier assessments performed: 
 
• During CTA, one set of imaging (n=1) in group B rats was discarded due to inadequate 
contrast injection picked up in the skin flaps and pooling of contrast within the 
subcutaneous plane. 
• During LA-ICGFA, 5 of 8 rats in group A had adequate SPY imaging for analysis post VAC (N= 
10 flaps). However only 2 out of 8 rats (N=4 flaps) had complete image acquisition data at all 
three time points post VAC, post flap and 7 days post flap surgery.  
• There was one premature death of a rat following repeat anaesthesia in group A. Therefore, 
in group A, only 7 out of the 8 rats (n=14 flaps) could be assessed for flap complications at 7 
days post flap surgery.  
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• During preparation for Micro-CT analysis, 2 out of the 10 had incomplete injections. One was 
related to technical issues in the earliest stage of learning curve during this technical 
procedure and the second was due failure of the contrast to reach the dermis. 
 
The table below shows a summary of the final number of rats that were included in final 
data analysis for the different assessments. 
 
Table 4.4: Summary of data points acquired and final numbers available for each outcome 
assessment  













Group A 8 NA 5 3 2 7 4 8* 
Group B 8 7 NA NA NA NA 4 8 
Additional 
Group A 
4 NA 2 2 2 4 4 0 






















*Flaps from 1 rat from group A was sent for MicroCT and histology, representing results after VAC therapy 
only.  





4.3.2 Outcome Measurements of Dynamic Computed Tomographic Angiography  
 
A total of 7 rats (14 flaps) from group B were included in this analysis.  Data was collected 
and processed from the DynEva enhancement curves that measured the mean contrast 
detected in Hounsfield Units (HU) over time (in seconds) in the two Regions of Interest (ROI) 
at four equal separate regions of the flap measured from the proximal edge of the flap at 
25%, 50%, 75% and the most distal extent of the flap region.  Measurements were 
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compared between ROI 1 (Control) represented in red and ROI 2 (NPWT) represented in 
pink (Figure 4.15).8 
 
 
Figure 4.17: Example of Screenshot of DynEva enhancement curves recording mean 
Hounsfield Units (HU) detected over time at 0.25cm in the control (red ROI 1) and NPWT 





                                                        
8 Dynamic CTA protocols, data acquisition and post-processing analysis were performed by an 
independent specialist, Dr. Gregory Michalak PhD (see Acknowledgements), who assisted with data 
interpretation for comparative analysis. 
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Matched paired analysis demonstrated a 17% increase in mean tissue perfusion in the ROIs 
of the intervention (Mean=78.7 HU, SD=8.8) versus matched controls (Mean=67.3 HU, 
SD=15.7), p=0.001 (Paired T Test). Comparison of peak HU values reached during the time of 
data acquisition at all four distances showed a mean peak value of 63.01HU (SD=17) in 
NPWT treated pre-harvest flap regions versus 55.80 HU(SD=12.9) in controls, P<0.001 
(Paired T-test). The peak HU reached was then compared at each distance which showed 
that the average peak value was higher in the NPWT treated flaps versus controls, although 
this was only significantly different at 0.25cm, P=0.001 (Paired T-Test). There was a slight 
negative trend in mean peak values towards the more distal regions of the pre-harvest flap 
(Figure 4.18). 
 
Figure 4.18: Graph to show average peak of contrast in Hounsfield Units (HU) during 
dynamic CT angiography, detected at different distances along the flap in control and NPWT 





The control and NPWT regions were evaluated at each distance over the course of time, and 
there was significant difference between the two ROIs at each of the four distances: mean 
perfusion was significantly different between intervention and control at each distance, 
P<0.001 (Paired T-tests) (Figure 4.19).  The most distal part of the flap region in the NPWT 
group was better perfused (Mean=51.1, SD=16.7) compared to the control group 
(Mean=39.4, SD=14.8), that was statistically significant, P<0.001. This demonstrated that the 
use of NPWT may have an immediate benefit to the perfusion of tissue in the area of flap 
harvest and potentially improve perfusion in the most distal region of the flap, that would 
be prone to ischemia. Review of perfusion along the flap from proximal to distal at each 
distance demonstrated that in the NPWT group there were significant differences noted 
between the most distal point in the ROI (Mean 51.1) and at 75% (Mean 48.3, P<0.01), 50% 
(Mean 52.9, P<0.01) and 25% (Mean 55.1, P<0.01). Similarly, there was a difference along 
the flap in the control group with a significant difference seen in the most distal (Mean 39.4) 
and at 75% (Mean 42.8, P<0.01), 50% (Mean 43.3, P<0.01) and 25% (Mean 43.4, P<0.01). 
This showed that in both flaps, control or intervention, there was a noted decrease in along 
the axiality of the flap.   
 
Figure 4.19: Graph to show comparison of mean perfusion in Control and NPWT treated 
flaps at all distances along the flap. Significance level at alpha 0.05, *P<0.001, Paired T-Test.  
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4.3.3 Outcome Measurements of Laser Assisted ICG Fluorescence Angiography 
 
In the main study, animals from Group A were all assessed with LA-ICGFA using the SPY® 
Elite System that was attempted at three key stages: following the application of topical 
NPWT for 5-7 days; following flap harvest, and a final image was acquired 7 days post flap 
harvest. One animal did not recover from repeat anaesthesia following surgery in an 
attempt to acquire post flap imaging. Due to the limitations described earlier, following the 
main study all imaging was assessed for quality prior to analysis.9 There were 5 out of 8 
pairs of flaps suitable imaging for analysis post NPWT application, 3 pairs of flaps post flap 
harvest and 2 pairs at 7 days post procedure. The loss of data was a limitation, and an 
additional 4 rats were added to the study to increase the sample size for analysis in group A. 
In total, 7 pairs of flaps post NPWT, 5 pairs of flaps post flap harvest and 4 pairs of flaps 7 
days post flap had suitable imaging for final data analysis.  The ROIs for the control and 
NPWT treated flap areas were marked and the average of absolute values of ICG intensity, 
representative of the degree of perfusion, in each ROI was recorded over the full phases of 
angiography during course of the data acquisition. Data was analysed by an independent 
specialist using SPY-Qc® software. This provided a more accurate, comprehensive 
assessment and comparison of perfusion across all pairs, as the previous software version 
only permitted analysis at a single chosen time point during the recording.  
 
Following the treatment of NPWT and prior to surgery, assessment showed a mean absolute 
intensity value of 172.3 (SD=34) in NPWT treated versus 131.1 (SD=24) in controls, with an 
average increased ratio of perfusion in NPWT treated flaps of 1.3 which was statistically 
significant, P=0.007 (Paired T-Test). The average in rate of inflow, or ingress rate was 
assessed in flaps following NPWT before surgical intervention, which showed an average 




                                                        
9 Analysis was performed by Dr C Chen and Prof TB Ferguson (See Acknowledgements) who are the 




Figure 4.20: Colour maps captured at single time point acquired during LA-ICGFA video 
assessment in three animals (A-C) prior to surgery, following NPWT treatment. The right flap 





Figure 4.21: Example of an average intensity curve and images of control and NPWT flap 
captured during the different phases of LA-ICGFA assessment following application of NPWT 
prior to flap harvest.  
 
        
 
A B C 
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Repeat imaging following flap harvest and inset showed this ratio reduced to 1.1, with a 
mean perfusion of 98.7 in NPWT versus 83.3 in controls, which was not statistically 
significant, P=0.20 (Paired T-Test). Upon the final assessment at 7 days post- surgery, 4 pairs 
of flaps had suitable imaging for final analysis. The average absolute values representative 
of perfusion in the NPWT group was 189.0 (SD 27) versus 156.9 (SD=31) in controls, with an 




Figure 4.22: Video capture using SPY® Elite during LA-ICGFA assessment at seven days 
following flap procedure. Area of lower or slower perfusion are represented by the darker 














In summary, there is evidence that flaps preconditioned with NPWT prior to flap harvest 
consistently demonstrated a better perfusion compared to controls, although this 
difference was smallest immediately following flap harvest. The impact of NPWT effects was 
sustained even at 7 days post flap surgery.  The figure below demonstrates a colour map of 
imaging acquired with the SPY® Elite System, which was acquired following NPWT treatment 
and prior to surgery.  
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4.3.4 Outcome Measurements of Micro-Computed Tomography Angiography  
 
Assessment of injection procedures and final data comparisons were assessed following 
scanning of all flap (N=12 pairs). A total of 10 pairs of flaps (post-surgery N=6 pairs, post 
NPWT N=4 pairs) were included in the analysis. Vessels were traced throughout the entire 
skin flaps and quantitative analysis was performed using Analyze® 12.0 software package 
(Analyze® 12.0, Mayo Clinic College of Medicine, Rochester, MN) by an independent 
reviewer (AJV).10  This allowed assessment of micro vessel density in each flap.  
 
Figure 4.23: Example of assessment of Micro CT using three-dimensional volume rendered 
skin flaps with microvasculature demonstrating transverse cross-section and longitudinal 
views of control and NPWT skin flaps.  
 
 
Mean vessel volume (mm3) in NPWT was 9.14mm3 versus 4.45mm3 in control flaps, P=0.04 
(Paired T Test). Sub group analysis of specimens was performed within group B rats 
following removal of NPWT treatment and within group A and additional rats that were 
assessed 7 days post-surgery. In a subgroup analysis, vessel volumes in the intervention 
group after treatment (group B rats) showed a 73% higher average (mean=4.4mm3, SD=3) 
                                                        
10 AJV= Andrew J Vercnoeke,, Medical Imaging Analyst,  (See Acknowledgements).  
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versus and control flaps (mean=2.6mm3, SD=2), but this was not statistically significant 
(p=0.23). This trend was also seen at 7 days post flap surgery (group A rats) with an average 
vessel volume of 12.3mm3 (SD=8) compared to 5.7mm3 (SD=3) in NPWT and controls 
respectively, p=0.06. Despite there was a trend of higher average vessel volume and micro 
vessel density in NPWT treated flaps compared to control flaps, the results were 
comparable between the two groups after treatment and following surgery. Although these 
values did not reach statistical significance in all cases, there was a consistent marked 
difference between the two groups but the limited sample size cannot allow us to draw 
definitive conclusions. A larger sample size is warranted to determine whether overall 
microvasculature changes in flaps preconditioned with NPWT and whether this effect is 
sustained over time.  
 
 
4.3.5 Outcome Measurements of Clinical Flap Viability  
 
There were no complications directly associated with the application of the VAC® system, 
however on occasion the flap region pre-treated with NPWT had increased hyperaemia 
immediately following removal of the VAC®, which mainly settled within a few hours.  
 
 
Figure 4.24: Photograph example of one case demonstrating evidence of hyperaemia on the 
treated side immediately following removal of the VAC® following 7 days of therapy.  
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In the main group A all underwent flap surgery (n=8) but only 7 rats (14 flaps) were 
observed for 7 days post-surgery. An additional four rats were added to the study and 
underwent the same path as group A. In total 11 rats (22 flaps) were assessed over the 
course of 7 days following flap harvest and inset. Flaps were assessed clinically and 
complications were recorded, and flap survival was recorded at 7 days post-surgery. Overall 
most cases had good flap survival. Three flaps within the control group experienced partial 
superficial necrosis, that were recorded as 40,60, and 70% of the total flap area; In the 
NPWT pre-treated treated flaps, 2 flaps experienced partial necrosis but these were both 




Figure 4.25: Photograph to demonstrate control and NPWT pre-treated flap at 7 days post 






Figure 4.26: Photograph to demonstrate example of case of significant flap necrosis with 





4.3.6 Outcome Measurements of Histological Assessment 
 
A total of 32 flaps were fixed in 10% formalin and subsequently paraffin embedded. Full 
longitudinal cross-sections were cut and final sections were stained with H&E, and IHC with 
CD31.  A total of 16 rats (post-treatment N=7 rats, post-surgery N=9 rats) had been 
prepared with MicroFil injection for Micro-CT analysis and then paraffin embedded for 
sectioning and histological assessment. A total of 16 flaps were directly excised, fixed and 
paraffin embedded for histology. Longitudinal cross sections represented the central 
portion of the flap and provided a full thickness cross section of the skin, hypodermis 
(containing loose areolar tissue and fat) and some specimens included a superficial layer of 
muscle. Flaps were assessed with standard Haematoxylin & Eosin (H&E) staining to review 




Figure 4.27: Representative H&E stained section to demonstrate layers within a longitudinal 
cross-section of dorsal rat skin of a control flap. (A= Epidermis, B= Dermis, C= Hypodermis, 





4.3.6.1 Epidermis: H&E Stain 
 
Longitudinal sections were assessed at lower power and x40 magnification for general 
assessment and more detailed review of representative areas within the section. The 
epidermis, which is the uppermost part of the dorsal rat skin, consists of four principle 
layers. The stratum corneum was the most superficial layer containing anucleated dead cells 
(corneocytes) and the most variable layer. The stratum granulosum is often easily 
recognizable by their basophilic keratohyalin. The stratum spinosum is a less dominant layer 






Figure 4.28: Representative H&E stained sample in control flap to demonstrate layers of the 


















The sections of dorsal rat skin were assessed on low power magnification to assess the 
whole section and representative areas were selected and assessed at x20 and x40 
magnification. An average of three measurements were taken per specimen at x20 
magnification. The average epidermal thickness in control flaps had a mean average 
epidermal thickness of 38.2 μm (SD=9.4) compared to NPWT treated flaps 60.2 μm (SD=8.7), 
which was statistically significant (P<0.001). The average dermal thickness in the control 
group had a mean thickness of 1315.74 μm (SD=408.4) compared to a mean of 1381.39 μm 




Figure 4.29: Histogram of mean epidermal thickness and standard deviation in control and 









4.3.6.2  Dermis: H&E Stain 
 
 
Within the dermis, the collagenous fibres predominate, and collagenous type I bundles 
stained intensely with Eosin. The dermis consists of two principle layers, a more superficial 
papillary dermal layer and a deeper reticular layer. The reticular dermis provides the overall 
strength and elasticity as well as incorporating epithelial derived structures such as hair 
follicles. The hypodermis is the lower most part of the dermis containing loose connective 
tissue, which may also contain adipose tissue. The dermis contained dense irregular 
connective tissue, organized into a reticular “basket weave”.  
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The dermis was assessed qualitatively to assess overall collagen organization at x40 and x60. 
A qualitative assessment was performed on all H&E sections and overall NPWT treated flaps 
had improved collagen organization compared to controls.  The	 sections	were	 assessed	
using	 a	 semi-quantitative	 scoring	 system	 at	 x20	 and	 x40	magnification	 to	 assess	 the	
density	 of	 the	 arrangement	with	 dermal	 layer,	 with	 lowest	 score	 given	 to	 less	 dense	
arrangement	 with	 frequent	 multiple	 gaps	 (score=1),	 moderate	 gaps	 (score=2)	 and	
minimal	gaps	with	compact	arrangement	(score=3).	Using	this	assessment	there	was	an	
increased	 overall	 average	 density	 within	 the	 dermis	 in	 NPWT	 flaps	 compared	 to	
controls,	P<0.001.	This	difference	was	seen	both	following	NPWT	treatment	and	7	days	
following	 flap	 elevation,	 P=0.02. However, quantitative assessment following additional 
staining methods would be preferable to apply for future studies to formally assess and 




Figure 4.30: Representative figure of H&E stained sections showing NPWT pre-treated flaps 
(right) qualitatively demonstrated greater collagen organization that was more densely 















4.3.6.3 CD 31 Immunohistochemical staining 
 
To analyse the presence of endothelial cells, the endothelial cell marker CD31 was used in 
conjunction with immunohistochemistry (IHC) techniques to assess and compare blood 
vessels in the sections and their distribution within the skin. Sections were randomly 
selected for assessment at x10 magnification to provide a general overview of the 
distribution of the stain. The two regions where vessel distribution was the most prominent 
was within the superficial dermis and hypodermis. A total of six random high-powered fields 
(x20) were randomly selected, including three superficial and three deep 
dermal/hypodermis regions. CellSens Dimension Version 1.11 software (Olympus 
Corporation) analysis software was used to calculate mean area of fraction and mean area 
of endothelial stained per high-powered field. A semi-quantitative objective scoring system 
was also used as an adjunct to the software analysis.  
 
Figure 4.31: Histological representative views to show example of high-powered views x20 





Comparison with all six regions showed a total mean area of CD31 stain per high-power field 
and percentage mean area fraction was higher in NPWT compared to control flaps, P=0.03 
and P<0.01 respectively. The average percentage mean area fraction in the intervention 
group was 3.9% (SD=3) versus 2.9%(SD=2) in matched controls (P=0.03, Paired T Test). Mean 
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area of CD 31 staining in the NPWT pre-treated group was 5744 mm2 versus 4268mm2 in 
controls (P=0.03, Paired T-Test).  This was concordant with the semi-quantitative scoring 
that showed an average higher score in NPWT compared to controls, P=0.01. Comparison of 
superficial and deep dermal regions demonstrated that in the superficial regions there was 
consistently higher degree of staining in NPWT versus controls, but the main region 
influencing this difference was the deep dermal region, P=0.05 (Paired T-Test).  
 
Specimens were subdivided and analysed 7 days of NPWT treatment and specimens 
analysed 7 days following flap surgery. Following NPWT removal the mean area fraction of 
CD31 stain was 4.1% compared to 2.6% in NPWT and control flaps, P=0.03 at day 7, but this 
difference was reduced at 7 days following surgery, day 14, P=0.69. Mean summed area of 
quantified stain was higher in NPWT versus control flaps at day 7, P=0.03 but this did not 
reach significance at day 14, seven days post-surgery, P=0.63. These results were 
concordant in the semi-quantitative analysis where a mean scoring was greater in the NPWT 
group at day 7, immediately following NPWT removal, P=0.03. However, this difference was 
still apparent at day 14, seven days post-surgery, although trended towards but did not 
reach statistical significance, P=0.06 
 
There was increased vessel density in NPWT compared to control flaps, which was most 
prominent in increased vessel formation in the deep dermal layers and immediately 
following NPWT treatment. This effect was less pronounced at 7 days post flap elevation, 










Figure 4.32: CD31 quantification based on mean area fraction % per high-power field 
showing increase in the marker following NPWT removal at Day 7, but this difference was 
smaller 7 days following surgery, at Day 14.  
* Significance level set at P=0.05, Paired Test. Data presented with Mean and Standard Error 
(SE) bars 
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In summary, the dynamic perfusion studies using 4D CTA and LA-ICGFA captured with SPY® 
Elite system has shown that flaps preconditioned with NPWT prior to flap harvest 
consistently demonstrated a better perfusion ratio and rate of inflow compared to controls. 
This effect was not demonstrated immediately flap harvest. At 7 days post flap surgery, 
however, there was still evidence of increased perfusion in the NPWT treated group.  
Evaluation of static microvessel density there was a difference overall between the NPWT 
and control groups. However, on analysis at the relevant time points, microvessel density 
was comparable between the groups, despite the trend of higher average vessel volumes in 
the NPWT. Upon histology there was evidence of increased microvasculature in the NPWT 
group but this was only seen following treatment and not sustained at 7 days post-surgery. 
There was increased epidermal thickness in NPWT pre-treated flaps, and qualitatively 
improved collagen rearrangement within the dermis, although further staining techniques 
or Western blot analysis with quantification for collagen and elastin would be required to 
determine histological changes.  Therefore, there was dynamic changes in perfusion seen 
following treatment that demonstrated augmentation of flap perfusion, and this may render 
the tissue more tolerate at the time of surgery to ischemia perfusion. These dynamic 
changes were still evident following surgery, however at a structural level it was not 
possible to demonstrated increased microvasculature density on imaging or histology 
between the two groups at both time points. This may be due to the time interval for 
development of new vessel formation, or that there was less impact of NPWT on promoting 
angiogenesis. Further work is required in this area however a proof of concept and 

















5.1 Anatomy and Physiology of the Perforasome of Deep Inferior Epigastric Artery 
Perforators in bilateral breast reconstruction 
 
Perforator selection in DIEP flaps has been previously described based on size and 
perforator location, and number of perforators to include(27,44,59,177–182) with no 
specific consensus. Previous anatomical studies performed have assessed perforasomes  in 
DIEP flaps looking specifically at the lower abdomen only reviewing the entire lower 
abdominal integument, but this is mostly relevant for unilateral reconstructions. (19,26,183) 
The Hartrampf (18,53) and modified Holm(55) zones of DIEP perfusion have been the 
standard of selection of tissue and flap design, but it has been increasingly recognized that 
the dynamics of a perforator are more complex. (17,26,27,57,171) Taking in some of the 
concepts previously described in the literature in both anatomical and clinical studies, this 
research focused on bilateral reconstruction which has not been addressed adequately in 
the current literature. There is very limited progress in the literature of “dynamic 
perforasomes” in perforator flaps and DIEP breast reconstruction.(38,55) The aims of this 
thesis were to evaluate anatomical microvasculature and predict perfusion territories of 
individual perforators in hemi-abdominal DIEP flaps and then correlate the underlying 
anatomy to the dynamic perfusion of specific perforators within these flaps for its 
application of bilateral breast reconstruction.  
 
 
5.1.1 Perforator Anatomy and Perforasomes of Hemi-DIEP flaps  
 
The first step of my thesis was to evaluate perforator anatomy in both cadaveric and clinical 
anatomical studies. In the anatomical studies, the largest perforators in the hemi-abdomen 
were within a 5cm radius of the umbilicus, which can be considered as a “hot spot” for 
dominant perforators for DIEP flap reconstruction. (47,182,184) The average external 
diameter was 2.4mm of those perforators within the 5cm “hot spot” and the majority of 
perforators within this zone were medial row (88%) compared to 73% of lateral row 
perforators which are outside this zone. The perforators in the hemi-abdomen originated 
from the medial row (average 2.3mm) were comparable to lateral row (average 
1.8mm).This is similar to anatomical consideration for a full DIEP for unilateral 
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reconstruction.  These patterns were also demonstrated in clinical study patient cohort in 
this research.  
 
On assessment of perfusion territories in the anatomical studies, medial and lateral row 
perforators did not show statistical differences in size of the perforasome area or volume. 
However lateral perforators demonstrated greater lateralized extension of the perforasome 
territory that was statistically significant (p<0.01). This is comparable to previous anatomical 
studies of DIEP perforators.(26,28)(18,26–28) Lateral row perforators were found to 
significantly capture lateral linking vessels, with connections seen to the adjacent SIEA 
territory most commonly. The presence of intra-row linking vessels which had a better 
degree of caudal perfusion. The direct and indirect linking vessels via the subdermal plexus 
were found predominantly in the superficial layer of the abdominal flap.  
 
The capture of linking vessels using dynamic 4D-CTA for individual perforasome assessment 
provided an opportunity to visualize the early distribution of the “dynamic” perforasome 
within the hemi-abdominal flap. Early capture of dominant linking vessels, flow to the 
subdermal plexus and recurrent flow into adjacent perforators resulted in a more rapid and 
larger perforasome distribution. Bi-directional axiality of flow, (seen predominantly in 
medial row perforators and those within 3cm of the umbilicus) and lateral dominant axiality 
of flow were both associated with significantly larger perforasome areas. This indicates that 
the perforasome distribution correlates with characterization of the numerous 
communicating vessels and adjacent arterial territories. (40,42,185,186) 
 
In our clinical study the surgeon (M.S-C) used an algorithm for perforator selection and 
harvest which we have previously published.(182) The basis of perforator selection is 
primarily on perforator size, regardless of row. If a large lateral row perforator was 
available, this would be chosen for DIEP flap harvest for ease and expeditious flap 
harvest.(59,178)  Assessment of the “dynamic” or “physiological” perforasome in-vivo was 
assessed using LA-ICGFA and comparison of single medial and lateral dominant perforator 
flaps showed comparable percentage areas of flap perfusions that was comparable to our 
anatomical work and previous published studies reconstruction.(187)  
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This study developed a novel approach in the evaluation of dynamic perfusion patterns in 
DIEP flaps with evidence of  significant variation in the physiology of the microcirculation 
in-vivo of flaps, based on qualitative and quantitative analysis using LA-ICGDA 
intraoperatively, even among single dominant medial row perforator flaps. This is in stark 
contrast to the traditional understanding and acceptance of the patterns of perfusion in the 
DIEP flap and perforasomes(18,40,55,57) and reiterates the gap in knowledge on how 
branching patterns and characteristics of the direct and indirect linking vessels in the 




5.1.2 A Novel Approach to Evaluate Dynamic Perforasomes of DIEP Flaps in Bilateral Breast 
Reconstruction In-Vivo  
 
The branching patterns of the DIEA and role in arterial territories of the anterior abdominal 
wall has been appreciated in extensive anatomical studies.(18,25,26,28,33,42,185,188,189)  
Although anatomical studies provide the foundation and lay out of the underlying 
microvascular anatomy they are limited due to the neuronal, hormonal, and local factors 
that may place an intricate role in perfusion dynamics that may be seen in-vivo. The 
microcirculation in-vivo of the DIEP flap has been previously assessed in a clinical setting 
using technologies such as Laser Doppler imaging(21,170,172,173), tissue oximetry, thermal 
imaging(190) and fluorescence angiography(55,191). However, many of the these studies 
used the template of the Hartrampf’s zones of perfusion, although it is recognized that the 
dynamics of microcirculatory flow in perforator flaps is different to its TRAM flap 
counterpart.(25,26,40,57) Although LA-ICGFA and Laser Doppler have been used to assess 
in-vivo quantification of zonal perfusion(55,108,111,191) these studies used a limited 
number of quantitative data points within the flap without a clear indication of timing of the 







Figure 5.1 (A) Example of an assessment of zonal perfusion as measured using LA-ICGFA. 
(Source: Losken A, Zenn MR, Hammel J a, Walsh MW, Carlson GW. Assessment of zonal perfusion 
using intraoperative angiography during abdominal flap breast reconstruction. Plast Reconstr Surg. 
2012;129:618-24); (B) An example of an assessment of zonal perfusion as measured using 
tissue oximetry (Source: Rahmanian-Schwarz A, Rothenberger J, Hirt B, Luz O, Schaller H-E. A 
combined anatomical and clinical study for quantitative analysis of the microcirculation in the classic 






Application of novel techniques for analysis of DIEP flap perfusion using SPY-Qc software 
created a map of perfusion captured pixel by pixel of total and rate of flow into every area 
of the flap throughout the entire arterial and microcirculatory phase. This eliminated the 
bias of single time points used in analysis and use of limited data points that does not 
capture the microcirculatory changes in all areas of the flap. Evaluation of timing maps 
depicted patterns of inflow within the flap from a single dominant perforator was highly 
variable, even when based on a large medial row perforator. Rapid ingress of blood flow in 
adjacent regions of the DIEP flap at the same relative rate as the dominant perforator was 
characterized by presence of “hot spots” on the flap: single, two (co-dominant) or multiple 
A B 
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spots (diffuse). Observation of this “dynamic perforasome” provided some evidence that 




Figure 5.2: An example of LA-ICGFA used intraoperatively following perforator dissection 
and flap harvest, just prior to start of ischemia time (A) Screen shot of the grey scale video 
visualized during image capture where by perforators, subdermal linking vessels and flow 
into the flap can be qualitatively assessed; (B) Intensity maps during the arterial and 
microcirculatory phases with application of color scaled to the amount of ICG detected per 
pixel; (C) Timing maps during the arterial and microcirculatory phases with application of 
color scaled to rate of ingress into the flap detected per pixel. Images provided by Dr. C Chen 




Reviewing this dynamic perforasome may also permit evaluation of inter-perforator zones 
and the potential to appreciate “true” and “choke” anastomoses that have been previously 
described by Chubb et al. on assessment of perforasomes using dynamic thermal imaging. 
(190) Figure 5.3 provides examples of LA-ICGFA images and timing maps reproduced on SPY-
Qc ® software with depiction of predicted course of direct inter-row, intra-row and 




Figure 5.3: Examples of LA-ICGFA timing maps produced using SPY-Qc software® (Novadaq 
Technologies, Inc). (A-C) Demonstrate different perfusion patterns in single medial row 
hemi-DIEP flaps with predicted adjacent perforators (blue arrows) & inter-perforator zones 
(small black arrow); (D) MS-TRAM flap exhibiting traditional Hartrampf zonal perfusion.   
 
 
Evaluation of the measured area greater than 25% scale of intensity relative to the 
reference value 100% (perforator) was used to best indicate the broad area of flap that still 
remains well vascularized and well above the threshold used for defining hypo-perfusion. 
There is not enough evidence in the literature to find consensus on the threshold value 
commonly practiced using 10-15%, but described up to 25%.(192) The diffuse pattern of the 
dynamic perforasome had significantly greater percentage area of the hemi-DIEP flap 
perfused above the 25% threshold value both on intensity and timing maps (p<0.01). This 
highlights that there is both a greater concentration of ICG detected over the entire surface 
of the flap and greater rapid arterial inflow into multiple areas of the flap compared to the 
single pattern, that exhibited a more radial distribution around the perforator. Diffuse 
patterns were associated with significantly higher relative blood flow and intensity in the 
 164 
cephalad-caudal axis of the flap, which may be attributable to greater degree of inter-
perforator zones and larger calibre linking vessels, but requires further prospective study.  
 
 
5.1.3 Bridging the Gap Between Microvascular Anatomy and Impact on Dynamic 
Perforasomes of DIEP flaps in Bilateral Breast Reconstruction  
 
In our clinical study, we did not identify appreciable differences between the length of the 
perforator course before it exited the anterior fascia and perfusion patterns or areas. Direct 
perforators, with no branching in the muscle and level of fascia, demonstrated a higher 
intensity of perfusion around the perforator on timing and intensity SPY-Qc maps compared 
to indirect perforators, but this was not statistically significant when reviewing the broader 
perfusion of the flap (area representing >25% relative to the reference value).  The degree 
of aborization in the subscarpa’s and suprascarpa’s layer did not significantly impact the 
area of broader flap perfusion.  
 
The appreciation of the contribution of blood flow to the subdermal plexus 
(18,25,45,193,194), the presence of a dominant linking vessel in the suprascarpa’s layer with 
either small direct communications to the subdermis, or direct perforator with multiple 
direct communications to the subdermal plexus, had higher average perfusion areas 
(p<0.05). The presence of the dominant linking vessel in the suprascarpa’s layer had the 
most significant impact on perforasome areas on timing and intensity maps (p=0.01 and 
p=0.02 respectively) and resultant dynamic perforasome patterns (p=0.01). The presence of 
inter-row linking vessels also was associated with the difference in perfusion patterns seen 
(p=0.003) with the diffuse pattern with the highest proportion of inter-row linking vessels, 
followed by co-dominant pattern, with the lowest in the single pattern group. There was a 
significant difference in the perfusion patterns and the density of vertical communicating 
vessels to the subdermis immediately around the perforator in the hemi-DIEP flap (p=0.007) 
with the diffuse pattern represented by the highest density. The diffuse pattern for the 
dynamic perforasome was represented by a higher proportion of inter-row, linking vessels 
and greater density of vertical communicating vessels contributing to the subdermal plexus. 
The presence of a dominant linking vessel in the suprascarpa’s layer was the most significant 
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finding on preoperative CTA that correlated with the broadest perfusion patterns (diffuse 
and co-dominant) and larger perfusion areas. This linking vessel may be an inter-row, intra-
row or combination, or may be a linking vessel to the lateral or adjacent territory, however 
the SIEA and microvasculature could not be assessed as accurately on the preoperative 
imaging.  
 
In the anatomical studies, BMI also positively correlated with larger perforasome (p<0.01) of 
single perforators. Interestingly when medial versus lateral row perforators were compared 
separately, the correlation of BMI and total perforasome area showed that only the lateral 
row perforators demonstrated strong positive linear relationship of a greater perforasome 
with increased BMI (p<0.01). Further study of amalgamation of similar data will help to 
confirm this finding was not by chance. The clinical application of this would be the 
preferential selection of a large lateral perforator, when possible, in higher BMI patient. It 
was also seen that there was evidence of a strong positive linear correlation between 
increasing BMI and total number of significant perforators (>0.5mm), (p<0.01). In our 
anatomical studies, it has been identified that the harvest of a lateral row perforator may be 
preferential for safer flap harvest and a more robust flap. Although our anatomical studies 
only reviewed perforasomes of single perforators, in a clinical setting when operating on 
patients with a high BMI, or with a large volume flap harvest, if there is concern for 
vascularity of the flap we have identified that there is usually a higher number of significant 
perforators available that could be concurrently harvested.  
 
This highlights an important clinical feature, where it has been shown that obesity can 
increase complications and incidence of fat necrosis in DIEP flap harvest. (195) In obese 
patients, the increased risk of complications has been attributed to poorer blood supply and 
it has been suggested that additional perforator harvest would reduce overall complications 
by providing a more robust blood supply(196), although there has been discord with  this 
theory.(180) In our clinical study, we demonstrated that hemi-DIEP flaps were harvested 
safely on single dominant perforators and our average patient BMI was 29 (SD=5.6) with a 
mean flap weight of 691.4 grams. This is analogous to our previously published clinical 
experience. (182) These flaps were predominantly raised on a dominant medial row 
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perforator. The evidence in the setting of obesity on perforator choice, or harvest of 
additional perforators is largely anecdotal based on associations of risk factors in clinical 
case series.  Determination of tissue volume, perforasomes and need for additional 
perforators in the setting of larger flap volumes needs further study.  
 
The next stage in characterizing the dynamic perforasome of the DIEA in breast 
reconstruction is how this translates to complications and outcomes in patients. The 
fundamental understanding of how anatomy may be predictive of flap perfusion would 
potentially improve the reliability and safety in flap harvest. The use of ICGFA 
intraoperatively is used in conjunction with clinical judgement with regards to evaluating 
areas of hypoperfusion that were subsequently resected. The presence of sluggish inflow on 
analysis of the ICG angiographic curves was significantly related to the incidence of any 
complication (p=0.03). it is appreciated that the risks of complications and morbidity 
associated with DIEP breast reconstruction is multifactorial, including technical, blood 
supply and patient factors.  This clinical study could not appreciate differences in perfusion 
types and intraoperative complications, nor postoperative complications such as fat 
necrosis. The subscarpa’s region has been considered the areas of increased risk of fat 
necrosis. This region is harder to assess using LA-ICGFA when there is limited penetration of 
the superficial tissue. Therefore, there is limitation of this technology and analysis 
performed in this research and the ability to assess areas of increased risk of hypoperfusion 
in a three-dimensional unit. On the other hand, in a clinical setting, assessment of the deep 
aspects of the flap are often assessed intraoperatively by turning over the flap and 
objectively evaluating hypoperfusion. However, these actions limit quantitative analysis of 
the flap and can affect results in the assessment of dynamic perforasomes, which was the 
primary goal for the research.  
 
Furthermore, complications such as venous congestion are more common than arterial 
based problems. The understanding of venous anatomy and dynamic venosomes lags 
further behind its arterial counterparts Study of venous anatomy and perfusion may have 
more impact on complications of DIEP flap reconstruction and highlights the next stage of 
research that is required to expand our knowledge and understanding. A larger prospective 
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clinical study is required to assess the impact of dynamic perforasomes/venosomes on 
complications, but in addition, a consistent protocol in the reporting and detection of 
complications, e.g. fat necrosis is required. This will be truly the most translational aspect of 
the research to assist in flap planning, design, harvest and minimizing complications and 
increase the predictability and reliability of DIEP flap reconstruction.  
 
In summary in-vivo quantitative and qualitative analysis has identified that the dynamic 
perforasome of single dominant DIEP flaps are unique compared to musculocutaneous 
flaps. A step has been made in a new direction to evaluate the “dynamic perforasomes” of 
perforator flaps. This research attempted to identify some key features on preoperative 
CTA that would help predict the resulting perfusion pattern and perfusion area.  
 
In the first steps of my PhD thesis the research established concepts to better understand 
the perforasome or dynamic perforasome in hemi-DIEP flaps for bilateral breast 
reconstruction, and potential patterns to optimize flap harvest based on the available 
anatomy. Optimizing blood supply through better understanding of the anatomy and 
correlation with flap physiology of a perforator flap is fundamental to the success of surgery 
and reducing morbidity from flap complications. In addition, this research subsequently 
touched upon the concepts to augment flap vascularity and physiology that may have 
important clinical applications. The aim of this part of the research was to determine if 
negative pressure wound therapy (NPWT) pre-treatment can be used for perforator flap 





5.2 Topical Negative Pressure Pre-treatment and Implications on Flap Vascularity   
 
 
5.2.1 The Concept of Delay and Pre-conditioning Flaps 
 
The use of traditional surgical delay and ischemic preconditioning that can be applied prior 
to flap surgery in order to improve survival help to adapt tissue to the subsequent stress of 
the surgery by improving overall tissue tolerance through increased vascularity and cellular 
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or signalling pathway modifications. (20) Vascular delay is a well-recognized method of 
increasing vascularity in pedicled flap and has been a technique studied in numerous 
experimental studies in animals(118–124) and used clinically(125–127). This manoeuvre 
promotes hypertrophy and reorganization of vessels to promote axiality of flow along the 
length of the flap (128) and has been used in the harvest of transverse rectus abdominis 
myocutaneous (TRAM) flaps for breast reconstruction(125,126,129,130).  
 
Ischemia is a condition of inadequate blood flow to a specific tissue area and when this 
outruns the tolerance of the tissue implied, there is subsequent inflammation and 
development of necrosis in addition to a cascade of cellular events following reperfusion 
that may further increased tissue damage. (172) Ischemia-reperfusion injury always occurs 
when a free flap is transferred from one region to another and cannot be prevented. It has 
been shown that ischemic preconditioning can significantly reduce partial necrosis areas 
caused by ischemia-induced reperfusion injury in skin and myocutaneous flaps with 
improvement in the survival areas of two to five times those of non-preconditioned flaps 
(29) The implications of greater vascularity and improved survival(20,116) may permit free 
fasciocutaneous flaps to be constructed with larger volumes and lower the incidence of 
partial flap loss if they are preconditioned before transfer. There has been evidence in 
experimental models that preconditioning can extend critical ischemia time, which 
represents the time for the onset of 50% flap necrosis (29). 
 
The morbidity of traditional approaches of vascular delay and ischemic preconditioning and 
additional healthcare costs has stimulated research to identify more elegant approaches 
that may mimic preconditioning strategies. Numerous pharmacological and alternative 
strategies have been evaluated in experimental models with very limited translation to 
clinical applications. Tissue expansion has been described as a form of surgical manipulation 
that has successfully been adopted into clinical practice and demonstrated changes in 
microvascular perfusion through the dilation of choke or linking vessels and reorientation of 
the microvasculature when used as a pre-treatment approach.(156) Although this approach 
has been used in the clinically setting, it is not always a feasible approach depending on the 
local environment and is associated with risk of an additional surgical procedure and tissue 
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expander insertion. Non-invasive strategies ideally would avoid any systemic effects, not 
increase patient morbidity, be safe and can be applied to the locally to tissue.  
 
 
5.2.2 Biological Mechanisms of Negative Pressure Wound Therapy  
 
Negative pressure wound therapy (NPWT) is well established in clinical practice over the last 
20 years (197,198) as an adjunct in wound management.	 The	 biological	mechanisms	 of	
action	although	not	fully	understood	are	based	on	the	result	of	chemical	and	mechanical	
changes	 that	 lead	 to	 increase blood flow, formation of more physiological blood 
vessels(151,199) improved	 angiogenesis,	 improved	 vascularity,	 capillary density, (146) 
cell	 proliferation,	 local	 immune	modulation	 (138,140,141,198–200)	 and can promote 
circulating stem cells into the wound bed(201).  Current knowledge indicates that NPWT can 
improve vascularization in wound healing both within clinical studies and experimental 
animal models demonstrating increased perfusion to the wound; fluid removal; (145) 
stimulation of cellular proliferation, and macrodeformations promoting wound size 
reduction and maintenance of wound homeostasis. (138) Despite the extensive research 
that has been carried out in basic science models and clinical practice, there is still a 
deficiency of large randomized controlled trial and a knowledge gap in underlying biological 
mechanisms.  
	
Angiogenesis	 is	 an	 intricate	 process	 involving	 the	 interaction	 of	 multiple	 genes	
expressed	 by	 a	 variety	 of	 cell	 types	 that	 interact	 in	 a	 complex	 process.	 	 Hypoxia	 is	
thought	to	pay	a	pivotal	role	as	a	regulator	for	the	expression	of	Hypoxia	Induced	Factor	
(HIF)	1-alpha,	and	the	physical	interactions	between	cells	and	extracellular	matrix	and	
angiogenic	 factors	 including	 VEGF.	 (144,148,149)	 Cells are able to sense mechanical 
forces may respond through the regulation of specific genes and different interaction 
pathways(141). Microdeformational transduction forces can influence the 
microenvironment and stimulate transcriptional cellular mechanisms that controls 
angiogenesis, but these underlying mechanisms are still generally poorly understood. (149) 
In experimental models mechanical strain can induce vascular modelling and promote 
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angiogenesis through increased vessel density, epidermal proliferation and hyperplasia, and 
increased expression of HIF-1alpha and related angiogenic factors such as VEGF (143,151) 
that are considered essential in normal blood vessel development and angiogenesis.  
 
There has been comparison of “external volume expansion” and “cupping techniques to 
apply a negative pressure to wound which have demonstrated similar effects of cellular 
proliferation and vessel remodelling.(202) The mechanism for this action is based on 
mechanical stretch. This is considered in contrast to the use of NPWT, which has been 
described to paradoxically exhibit a positive tissue pressure to the applied area although 
this effect becomes less pronounced over time.(203) However negative pressure through 
foam mediated external suction has been shown to create mechanical strain at a cellular 





5.2.3 The Role of Negative Pressure Wound Therapy Pre-Treatment in Flap Surgery 
 
	
In	our	study, the dynamic perfusion studies using 4D CTA and LA-ICGFA captured with SPY® 
Elite system has shown that flaps preconditioned with NPWT prior to flap harvest 
consistently demonstrated a better perfusion ratio and rate of inflow compared to controls. 
This effect was the smallest during flap harvest. At 7 days post flap surgery, there was still 
evidence of increased dynamic perfusion in the NPWT treated group.  Evaluation of static 
microvessel density assessment on histology and micro-CT demonstrated a notable increase 
in NPWT pre-treated flaps in vessel volume. This was statistically significant immediately 
following removal of NPWT and the trend was evident at day 14, seven days following flap 
surgery, although this did not reach statistical significance on micro-CT or histology, 
therefore at a structural level. There was increased epidermal thickness in NPWT pre-
treated flaps, and qualitatively improved collagen rearrangement within the dermis, 
although further staining techniques or Western blot analysis with quantification for 
collagen and elastin would be required to determine histological changes. 
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This research has provided an initial basis for further research but has recognized 
limitations. The use of control and intervention flaps was thought to assist to improve the 
power of the study, however with the loss of some data acquisition points during the study 
and consideration that outcomes compared histological, micro-CT and dynamic imaging 
technologies, the power of the sample or final results overall may have been insufficient for 
all study modalities to achieve statistical significance if a true difference exists. However, the 
trends towards a significant difference or significant differences shown between NPWT and 
control groups across all modalities were consistent to infer that there is an improvement in 
flap vascularity with NPWT pre-treatment.  
 
Although the role of NPWT in as a pre-treatment to improve flap survival was among the 
original experiments described by Morykwas (1997), there has been limited evaluation of its 
role to augment flap vascularity in subsequent years and specifically for perforator flaps 
(147,150,153,154,156,202). Their group demonstrated in their limited sample that there 
was a statistically significant improvement in the use of NPWT in flap survival based on flap 
necrosis when applied in the pre- and post-treatment, pre-treatment only and post-
treatment only compared to control flaps, although no statistical difference among these 
three intervention groups. (156). It has been shown to reduce surrounding tissue oedema, 
permit the egress of inhibitory factors and toxins and improve capillary afterload and 
microcirculation. The potential however to treat compromised tissues with a modality such 
as NPWT that can be applied to a limited area, pre- and post-flap surgery, may have a 







It is acknowledged that anatomical studies of perforasomes cannot mimic the in-vivo 
conditions of flap physiology. However, the assessment and use of 4D CTA provides more 
dynamic assessment of the individual dynamic perforasome.  Our studies to correlate with 
previously published literature and provided some additional new information on 
perforasome characteristics in the hemi-abdomen and evaluation from the perspective of 
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bilateral breast reconstructions which has not been previously addressed. Anatomical 
studies were based on injection of single perforators and therefore a dedicated study to 
evaluate the impact of additional perforators in the flap harvest has not been performed  to 
determine impact on flap perfusion.  
 
The use of LA-ICGFA can allow one to visualize and qualitatively assess the flow of ICG into 
the flap. However, in this PhD thesis research we developed new protocols for a non-biased 
assessment and quantitative analysis of the dynamic perforasome measured throughout the 
arterial and microcirculatory phases instead of a single time point. We were also able to 
measure relative flap perfusions in relation to the total flap area as the ROI. This was a novel 
approach to perforator flap assessment with LA-ICGFA and proprietary software therefore 
our approach and methodology has not been validated, but followed a systematic approach 
and provided a foundation for further studies. The assessment and categorization of 
perforasome categories were based on qualitative analysis by myself and Dr M Saint-Cyr. 
This type of assessment of the dynamic perforasome based on the timing maps is a novel 
concept and based on a limited sample of flaps, and with a larger prospective sample, it may 
be found that other patterns arise and this could potentially lead to different results. 
However, with the 44 available flaps, we identified among single medial row perforators, 
there were three broad classifications of the dynamic perforasome, single, co-dominant and 
diffuse, based on hot spots of rate of flow into the flap. However, there were insufficient 
data to apply this to lateral row perforators or the inclusion of multiple perforators within 
the DIEP flap, but this would be an area to further expand the study.  
 
Correlation of ICGFA analysis and the microvasculature as assessed on preoperative CTA 
was performed through a rudimentary analysis using maximal projection imaging 
reconstructions of the DIEA protocol. 3D reconstructions of the microvasculature were not 
performed to quantify or validate the analysis performed using available software, and this 
was largely related to the time intensive task of processing and ensuring accurate mapping 
is attained. However, the semi-quantitative analysis performed would have been expected 
to provide a baseline and indication of the underlying patterns, and would provide a more 
translatable approach that can be used in clinical practice in DIEP breast reconstruction. 
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However, we understand the limitation is based on a degree of subjectivity and that an 
accurate 3D reconstruction would have better validated the findings.    Evaluation of the 
microvasculature connected to the SIEA territory was not consistently reliable to trace in 
preoperative CTA and this may be related to the methodology of performing the CTA in 
patients based on detection of blood flow in the femoral artery following contrast 
administration.  A methodical characterization or classification of the microvasculature of 
the DIEP flap has not been previously described or used in routine reporting. It is recognized 
that full analysis of patient CTA images was performed by myself, and although approaches 
were discussed with an expert Consultant Radiologist, it is acknowledged that this is an area 
of bias. Collaborating in future work with Radiologists, may allow a way to classify and 
characterize the microvasculature and linking vessels from a dominant perforator and it 
would be important to test inter-reviewer reliability in scoring systems following assessment 
to improve reliability and accuracy of the reporting.  
 
In the animal study, for this PhD research new protocols were developed for dynamic 
imaging using 4D CTA and ICG-LA and their subsequent analysis. Both these modalities 
required adequate intravenous access for administration of the contrast or dye and this 
sometimes led to failed acquisition of data points if access was lost and we did not want to 
increase morbidity with a central venous cut-down procedure which has been previously 
described. Failed injection of contrast in the imaging modality assessments led to 
incomplete data acquisition points. However, at every time point and with every modality 
each intervention was perfectly matched to the control flap, which improved the validity of 
the results obtained with additional confounding factors eliminated. Another limitation may 
have been the flap size to assess flap survival. A perforator flap that was extended in length 
to induce flap necrosis at the tip would allow a comparison of the impact of NPWT pre-
treatment in the area of ischemia and provide a better comparison of flap survival. Although 
400-500g male rats were used in this study, there is still possibility that there was an 
influence of the NPWT to the surrounding tissue, which may have included the area of the 
control flap, and may explain some of the results seen. However, there are previous studied 
that have applied similar techniques in small rodent models successfully. (147,154,202) 
Therefore, a larger animal model would be more beneficial to study this flap model or the 
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use of a larger sample size, but this would then have to be sufficient to account for 
physiological variability seen between animals when conducting dynamic imaging studies to 





5.4 General Conclusions 
 
• Anatomical methods and use of advanced imaging technologies including 4D CTA 
can evaluate dynamic perforator territories and assess the distribution and early 
capture of dominant linking vessels on perfusion of the DIEA perforator in the hemi-
abdomen. 
• Medial row perforators and those within 5cm of the umbilicus may be of larger 
calibre, but for perfusion of the hemi-abdomen, lateral row perforators significantly 
lateralized their perforasome distribution in anatomical studies.  
• The early capture and direct communication and recurrent flow within vessels in the 
SIEA territory correlated to broader perforasome territories.  
• The dynamics of the microcirculation of an individual perforator in DIEP flaps are 
unique and do not reflect the traditional concepts of perfusion of the lower 
abdominal tissue based on TRAM flaps.  
• The dynamic perforasome as observed in-vivo using LA-ICGFA exhibited variation in 
perforasome perfusion even when based on a single medial row perforator that can 
be broadly characterized qualitatively: single, co-dominant and diffuse patterns 
based on hot spots of within hemi-DIEP flaps.   
• Evaluation of the dynamic perforasome based on timing maps was a better predictor 
for identifying perforators and assessment of inter-perforator connections.  
•  The diffuse dynamic DIEP perforasome correlated with presence of a dominant large 
calibre direct linking vessel in the supra-scarpa’s layer, and higher degree of inter-
row and intra-row linking vessels. Diffuse pattern perforasomes were also associated 
with the highest robust perfusion areas of hemi-DIEP flaps, that may be related to 
the microvascular anatomy in the suprascarpal are and contribution to the 
subdermal plexus.  
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5.5 Future Work 
 
• 3D characterization of the 3D perforasome and anatomical architecture based 
around the dominant perforator used in the DIEP flap reconstruction. This may allow 
a more reliable assessment for linking vessels, and further quantification of density 
of linking vessels. However, individual mapping of the microvasculature is time 
consuming, therefore a more efficient approach to perforasome microvascular 
mapping in individual patients is required.  
• Additional assessment and refinement in CTA reviewing methodology and validation 
of approaches used with intraoperative LA-ICGFA based on currently developed 
protocols. The goal would be to develop a classification system that summarizes and 
characterizes the patterns of direct and indirect communicating vessels that may 
allow better prediction of perfusion. In the absence of intra-operative imaging, we 
then may be able to subsequently identify key patterns for which we can better 
predict the physiological perfusion. 
• Continue a prospective analysis in DIEP/MS-TRAM flaps with the goal to identify 
changes in patterns of perfusion and extend the current sample size and extend our 
analysis to multiple and lateral row perforator flaps.  
• Evaluation of dynamic perforasomes of other flaps to develop a better 
understanding of the microcirculation of individual perforators in the human body. 
• The exploration of the venous anatomy of hemi-DIEP breast reconstruction and 
assessment of dynamic venosomes using LA-ICGFA is an area that also requires 
simultaneous assessment. is an area that would also require a prospective clinical 
study to review venosomes, anatomy and determine correlation with intraoperative 
or post operatively complications.  
• The use of a large animal model and longer flap length to width ratios to study the 
role of NPWT pre-treatment in augmentation of flap vascularity and reduce flap 
complications.  
• The use of NPWT pre-treatment to augment flap vascularity in the context of breast 
reconstruction patients. This may have a particular role in mastectomy skin flaps, or 
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